AD-A145 026

Cosmic Ray Effects on Microelectronics

Part II1: Propagation of Cosmic Rays
in the Atmosphere
C. H. TsA0, R. SILBERBERG, J. H, ADAMS, JR., ANDJ. P. LETAW"

E. O. Hulburt Center for Space Research
Space Science Division

*Severn Communications Corporation
Severna Park, MD 21146

August 9, 1984

'. _‘:':x ey
oo 2 A
L ' ,‘fj})"\.‘m
ot WG 2 184
RN .

& _:_q_if’

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.

84 08 21 093

[ LN X o L




SEC.3  C.ASSECATION OF TWiS 2AGE

REPORT DOCUMENTATION PAGE

7o REPQRT SECURITY CLASSIFCATION TD. RESTRICTIVE MARKINGS

UNCLASSIFIED : —
T3 SECURITY CLASSIFICATION AUTHORITY T OISTRIBUTION/ AVAILABILITY OF REPORT
25 OECLASSIFICATION  DOWNGRADING SCHEDULE Approved for public release; distribution unlimited.
3 PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

NRL Memorandum Report 5402
6a. NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL. | 7a. NAME OF MONITORING ORGANIZATION

(If applicable)

Naval Research Laboratory Code 4154

6¢ ADORESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and 2IP Code)

Washington, DC 20375

Ba. NAME OF FUNDING / SPONSORING 80. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
Office of Naval Research
8¢c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
Arlington, VA 22217 ELEMENT NO.  INO. RRO34- | VO ACCESSION NO.
62715H . 06-43 . | DN080-229

11 TITLE (include Securnty Classification)

Cosmic Ray Effects on Microelectronics — Part III: Propagation of Cosmic Rays in the Atmosphere

12. PERSONAL AUTHOR(S)
Tsao, C.H., Silberberg, R., Adams, J.H.. Jr., and Letaw. J.R.*

13a. TYPE OF REPORT 13b. TIME COVERED * |14 DATE OF REPORT (Year, Month, Day) [1S. PAGE COUNT
Interim FROM TO August 9, 1984

16 SUPPLEMENTARY NOTATION
*Severn Communications Corporation, Severna Park, MD 21146

17 CQOSATI CODES 18 SUBJECT TERMS {Continue on reverse if necessary and identify by block number)
FIELD GROUP SuB-GROUP Cosmic rays Soft upsets Microelectronics
Geomagnetic cutoff Single-event upsets B .
> F R TP PR -ty "
A W AP ARk ’ ’ P
'9 ABSTRACT (Continue on reverse if necessary and identify by block number) 3 ~

.2 Cosmic-ray nuclei that enter the atmosphere will subsequently breakup into lighter nuclei due to
colhslons with air particles. They also undergo a gradual loss of energy due to ionization. The fluxes
and energy spectra of particles were calculated for several atmospheric defiths and Zeomagnetic locations.
The results of these radiation transport calculations are plotted as mtegral‘jLET-;pectra showing the total
number of particles that can contribute to energy lows in silicon above a given threshold value. The results
can then be used to calculate the upaet rate induced by cosmic ray nuclei for devxces of known size and

critical charge. - . . S A e hede s 0o Cdn e O -
S ; R oy RN J .
L{(,)-,,nlf R -1 ‘?\"‘);’L// D B ; s ) -
‘ } K -J‘ . v i
\.\.
20 DISTRIIYTON/ AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
@uncuassireounumten [ same as RrT Joric users | UNCLASSIFIED
223 MAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code) | 22¢. OFFICE SYMBOL
C. H. Tsao (202) 767-2803 Code 1254
DD FORM 1473, 3a VAR 33 APR edition may be used until exhausted

All other editions are obsolete.

SECURITY CLASSIFICATION QF “HIS PAGE




CONTENTS
INTRODUCTION ........... e e e e e e e e 1
PROPAGATION OF COSMIC RAYS THROUGHAIR ................. i 2
Master Propagation Equation ................ ... ... e 2
List of [sotopic Species ..., ... ooy N Ve e b
CrossSections . ........ . v iiiiiinnnenn, e e e e 5
Terdzation Loss o i e e e e e e 8
Flux at the Top of the Atmosphere ..., ... . . i i 11
Results of Propagation ...t e e e e e 11
COSMIC RAY FLUXES IN THE ATMOSPHERE .............. B I
Integrated Flux in the Atmosphere .. ... . i i i e e 11
Zenith Angle Dependence of Atmospheric Depth ..., ... ..o, 12
Geomagnetic Cutoff .. ... . e P ;)
SINGLE EVENT UPSETS .........cvvv.t, e e N ¥
LET Spectra  .......... e e et et e e veee 14
Soft Upsets v v vvs vttt e PN I
COMPUTER CODE ..., ... it e e e e 18
Data Files and Data File Preparation ......... . 0o iiinnnn.s .18
Air Propagation Programs .......... e e e e P
Post-Processing v vt e e e e s D K
REFERENCES ... ... it e h e e e e 42
APPENDIX 1 ............... N 44
APPEN DX 2 i i e e e e e e .. 4B
APPENDIX 3 ..ottt i e i iiianen Ve N < 11
APPENDIX 4 .........covcvnun. e s e 54
APPENDIX 6 ..... e e e e e e e PR 1)
APPENDIX B ...ttt iiiiinnneeiiiiinneananas i e e 517
APPENDIX7 ..........0... e e e e i, 59
APPENDIX 8 ...ttt ittt ittt i s e e e 60
APPENDIX9 .......... e P 63
APPENDIX 10 ittt ittt it iinetan it ens e io iy ..., 68
il

el ettt




COSMIC RAY EFFECTS ON MICROELECTRONICS

Part III: Propagation of Cosmic Rays
in the Atmosphere

1.0, Introduction:

This report considers the propagation of primary cosmic rays through
the atmosphere and assesses their effectiveness at producing single event
upsets (SEU) 1in microelectronic components. The problem of soft upsets
centers on the ability of a single charged particle, upon passage through
a sensitive volume on a silicon chip, to cause the logical state of a
memory c¢ircuit to change. Such upsets obviously have immense leverage
in, for example, control circuit applications, Shielding against
cosmic-ray-induced upsets is difficult because they are highly
penetrating and have measurable fluxes at extremely high energies. The
upset potential of cosmic rays is dependent on many factors including the
solar cycle, geomagnetic field strength, atmospheric depth, and device
orientation. In this report upset calculations 1in the atmosphere are
described and computer code to perform these calculations is presented.

In Section 2 we consider the effect of passage through air on cosmic
ray fluxes, The most prominent interactions with air are nuclear
fragmentation reactions and ionization loss. Close collisions between
air nuclei and cosmic rays cause hreakup of the cosmic ray into Tlighter
nuclides. Generally a few nucleons or alpha particles are emitted. The
fragments retain roughly the same energy/nucleon as the incident
nucleus, Secondaries, that is, accelerated fragments of silicon nucled
are not considered in this report although they are a potential source of
upsets (Peterson, 1981). Leptons and mesons created in the collisions
are also not considered.

Distant collisions between air molecules and cosmic rays do not
change the composition. They generally cause ijonization of the air,
Thase collis ons gradually decelerate the cosmic rays and modify their
spactrum., The rate of energy laoss, or stopping power, is proportional to
the square of the cosmic ray charge. Thus the heavy ions which are most
effective at causing upsets suffer greatest attenuation in the
atmosphere., Nuclear decay need not be considered bhecause propagation
chrough the atmosphere takes a fraction of a millisecond while most
decays occur on time scales of mere than milliseconds.

In Section 3 results of cosmic ray propagation through air are
integrated to give total flux levels at any altitude. This integration
involves calculating flux levels as a function of zenith and azimuthal
angles. These depend on the geomagnetic field and the amount of air to
the top of the atmosphere in any direction. The latter is a sec e effect
for the altitudes considered in this report, The geomagnetic field
effect results in an enhancement of fluxes to the west relative to the
vertical. Total cosmic ray fluxes as a function of altitude and cutoff
are displayed showing the roughly exponential decrease as a function of
both variables.

Section 4 considers the conversion of casmic ray spectra into LET
(1inear energy transfer) spectra and upset computations. LET spectra
show the flux as a function of stopping power in silicon. Instead of
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classifying according to energy, they are classified according to the
rate at which they give up energy in silicon. As stated previously LET

increases as the square of the cosmic ray charge. LET 1s not a monotonic
function of enerqy. In fact the lowest LET occurs at high energies (a
few GeV/nucleon) while the highest LET occurs at a few MeV/nucleon. The
stopping powers vary by roughly a factor of 50 in this range., LET
spectra for geomagnetic cutofts ranging from O to 8 GV, and altitudes
between 55,000 and 150,000 ft. are presented.

Given the device parameters, LET spectra may be converted into upset
probabilities. In any environment the probability of upset depends on a
critical charge and sensitive volume (device dependent parameters) in
addition to the cosmic ray LET spectrum, The critical charge is the
number of free electron-hole pairs necessary in the neighborhood of a
Junction to cause an upset. These pairs are created at a rate of one per
3.6 eV of deposited energy. The sensitive volume is characterized by a
chord length distribution giving the relative frequency of each
pathlength., The energy deposited is proportional to this pathlength.

Section 5 consists of descriptions of the programs developed to
estimate soft upsets in the atmosphere.

2.0, Propagation of Cosmic Rays through Air

2.1 Master Propagation Equation

The cosmic ray flux at the top of the atmosphere consists roughly of
2500 proton/(m¢ sec ster), about ona tenth as many He nuclei, and
roughly 1 per cent heavier nuclei. The average energy of these particles
1s 1 or 2 GeV/nucleon. Within the magnetosphere and atmosphere they are
subject to several attenuating processes. The most impaortant are:

1) Fragmentation in collision with N and 0 nuclei in the air.
2) Energy loss by ionization of the air.
3) Deflection from the atmosphere by the geomagnetic field.

The first two of these processes are discussed in this section, while the
third is discussed in Section 3.

The master equation for cosmic ray propagation with fonization loss
and fragmentation (Ginzburg and Syrovatskii, 1964) is:

2 s f[ae %

i
5 v - Mo dp* m/__jz>1 °1JJj T OSF (d'f E) (2.1-1)

Terms in this equation are defined as follows:

J{ = Differential energg spectrum of cosmic rays of species i
in  particles/m sec  steradian  (MeV/nucleon). If
species are ordered by increasing mass, and within that
by decreasing charge, then all _reactions reduce the
species index. For example, 6Li ¢ 7Be ¢ 7Li,
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aif = Total reaction cross-section for nuclei of species 1 in air.
aij = Partial fragmentation cross-sections for nuclei of species i
to be produced in collisions of species j with air,
n = Number density of N and 0 nuclei in air,
v = Cosmic ray velocity which is related to energy/nucleon
(MeV/nucleon) by
(v/c)2 . E(E + 1863)
(E + 931,5)°
Ay = Atomic mass of species 1.

[t 1is convenient to re-express eq. 2.1-1 in terms of pathlength,
instead of time, The pathlength 1is the total number of grams of material
in a cylinder of 1 cm? cross section traversed in time, t, by the
particle. Thus,

x (g/cme) = nvmt (2.1-2)
where m s the average mass of an air atom. The pathlength between the
top of the atmosphere and any point directly below is essentially equal
to the air pressure at that point. However, pathlength has units of mass
per unit area while pressure is force per unit area. The relation
between pathlength and altitude is shown in Fig. 2.1. Data for this
figure were taken from the 1962 U, S. Standard Atmosphere (NASA et al.,
1962). A fit to the data valid between 50 and 150 kilofeet 1s also
shown, Table 2.1 shows altitude vs. pathiength comparisons of special
interest 1in this report. The composition of the atmosphere s
essentially constant in the region of interest., We assume a mixture
consisting of 79 per cent N and 21 per cent O by number.

Table 2.1
ALTITUDE vs. PATHLENGTH
(corresponding to computations in this report)

Altitude Pathlength e | '
kilofeet kilometers g/cm? e |
150 45.7 1.33
125 38.1 3.59
100 30.5 11.1
85 25.9 22.0
75 22.9 35.0
65 19.8 56.5 ,
60 18.3 72.1 Sy
55 16.3 92.2 f*"lj
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In terms of pathlength Eq. 2.1-1 may be rewritten:

b | ag; J o, J
R R TR 1 C0) e
>
where wq is the stopping power of nuclei of species; 'm air,
This fixes the cross section units to millibarns and the stopping
power units to MeV/(g/eml). The factor 23954 is the average mass in

grams of an air nucleus divided by the unit conversion from cm? to
mb.

For the purposes of further manipulation we express Egq. 2.1-3 1n
the condensed, matrix form:

LV M) (2.1-4)

The fragmentation effects are contained in the modifiqgtion matrix, M,

and ionization loss effects in the derivative term; W is the energy
less per nucleon,

Approximating the ionization loss and backsubstituting for K we have
the approximate solution: (2.1-5)

J(E,x*aX) = e‘““‘} [1 - W(E) %’E] J(E,x) + W (E + AE)%’E‘ J(E + AE,x)

In this form the flux at a given pathlength and energy depends only on
the flux at shorter pathlengths and greater (or equal) energies.

The flux at the highest energy, where ionization loss can be
linearized (Letaw et al., 1983b), is:

I(Emaxs *) = €€ J(Emax, 0) ' (2.1-6)

where M now contains the term:

7 2
( +1) g
-(na =-n

p

Rp 1s the proton range in air, Zy the charge of species i, n the

range-energy index (~ 1), and a the spectral dindex (~ 2.7) of the

differential flux at high energy. The relative importance of this term
is gauged by comparison with fragmentation losses.

(2.1-7)




2.2 List of Isotopic Species

The most abundant cosmic rays have charges between 1 and 28, Heavier
elements exist in much smaller quantities because they are heyond the
stability point at 1iron for stellar nucleosynthesis, A 1list of 230
isotopes from H through Fe was extracted from the Table of Isotopes
(Lederer and Shirley, 1978). Most of these isotopes are unstable but
cannot decay during the fraction of a millisecond spent in the atmosphere.

To reduce the 1length of the 1list, a propagation through air
(neglecting ionization loss) with pathlength of 30 g/cm was
performed. Elemental abundances were taken from Adams, et al. (1981).
Isotopic abundances were estimated from recent data (Webber, 1981; Young
et al,, 1981; Garcia-Munoz et al., 1981). Unstable isotopes are created
in fragmentation reactions, Those which did not achieve an abundance
greater than or equal to 1 percent that of Fe were dropped from the
1ist. Those which deveioped abundances between 1 percent and 5 percent
of iron were regrouped with other isotopes of the same charge. In this
way a reduced list of 104 isotopes was developed (Table 2.2).

2.3 Cross Sections

Two sets of cross sections, the total reaction cross sections o4
and the partial fragmentation cross sections o4, are needed to perform
air propagation calculations. These cross sections are for reactions of
the form:

N
Nuclide + 3‘3} » anything

Roughly 5500 partial cross sections and 104 total cross sections are
required. These cross sections are incompletely known and are estimated
using semi-empirical formulas.

The partial cross sections for many proton-nucleus reactions are
given by the semi-empirical formulas (Silberberg and Tsao, 1973a,b;
Silberberg and Tsao, 1977a; Tsao, et al., 1983). These are scaled up to
air-nucleus interactions using procedures discussed in Silberberg and
Tsao (1977b). The scale factor is roughly 2 with additional enhancement
for light products.

The total cross sections are calculated using the Bradt-Peters (1950)
overlap model:

¢ = 49.88 (Ay 1/3 + a5 113 - 0.4)2 (2.3-1)

where At and Ap are the target and projectile masses respectively.




Table 2.2
Fraction of
Isotope Progenitors Elemental Abundance
1H 1 5B 9 1.000
1H 2 0.000
2HE 3 0.000
1H 3 0.000
2HE 4 4BE 8 4BE 8 5B 9 5B 9 1.000
‘ 3LI 5§ 0.000
2HE 5§ 0.000
3LI 6 0. 500
2HE 6 0.000 e
( 4BE 7 0.500
A Lr 7 LI 8 3LI 9 0. 500
| 2HE 8 0.000 -j
4BE 9 0.500 ?
S8 10 5B 8 0.250
4BE 10 4BE 11 4BE 12 0.000
6C 11 6C 9 6C 10 0.000
SB 11 58 12 58 13 5B 14 0.750
6C 12 1.000
6C 13 6C 14 6C 15 & 16 0.000
N 14 N 12 7N 13 0.500
80 18 80 13 80 14 0.000
N 15 7N 1lé 7N 17 7N 18 0.500
80 1leé go 17 80 18 8 19 8 20 1.000
9F 17 0.000
9F 18 0.000 !
10NE 19 10NE 18 LONE 17 0.000
9F 19 1.000
10NE 20 0.500
9F 20 0.000
11NA 21 11NA 20 0.000
1O0NE 21 0.250
or 21 9F 22 0.000
11NA 22 0.000
1ONE 22 1ONE 23 1ONE 24 0.250
12MG 23 12MG 22 0.000
11NA 23 1.000
12MG 24 0.500
11NA 24 . 0.000 ]
13AL 25 13AL 24 0.000 i
12MG 25 0.250
11NA 25 LINA 26 0.000
13AL 26 0.000
12MG 26 12MG 27 12MG 28 0.250
1451 27 1481 26 0.000
13AL 27 1.000
1481 28 1.000
13AL 28 0.000
1481 29 0.000
13AL 29 13AL 30 0.000
15 30 15p 28 15p 29 0.000 )
148T 30 1481 31 14SI 32 0.000
15 31 _ 1.000
6




les
15p
168
15p
17¢CL
leés
17CL
165
18AR
17CL
18AR
17CL
19K
1BAR
19K
18AR
20Ca
19K
18AR
20CA
19K
20CA
19K
21s8C
20CA
21sC
20ca
22TI
21sC
2271
21sC
2271
21scC

22T7I
23V
2271
24CR
23V
24CR

25MN
24CR
26FE
2 5MN
24CR
26FE
25MN
24CR
26FE
2 5MN
26FE

168

15p
17¢CL

168
18AR

17¢CL
19K

20CA
18AR

19K
21scC

20CAa

23V

21sC

23v

22TI
24CR

23v
2 5MN

30

34

36
34

38
37

39
41

43

45
45

48
46

50

52
51

les

leés
18AR

17CL

20cA
2271

23v

24CR

23V

Table 2.2 (Cont’d)

31

37
35

39

46
44

47

49

53

1,000
0.000
0.000
OO OOO
0.000
0.000
0.500
0.000
0.500
0.000
0.000
0.500
0.000
0.500
0.250
0.000
0. 500
0.250
0.000
0.000
0. 500
0.250
0.000
0.000
0.000
0.000
0.250
0.000
1.000
C. 500
0.000
0,250
0.000
0.000
€.250
0.250
0.000
0.000
0.250
0.000
0,500
0.000
0. 500
0,000
0,250
0.250
0.000
0.250
0.250
0.000
0.500
1,000
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When the projectile is hydrogen the cross section
o = 44.9 AO.7 (2.3-2)
(Letaw et al,, 1983a) has been used,

Significant unknowns 1in the cross section data base are cross
sections for production of light products (A < 6). These cross sections
are not known even for proton-nucleus collisions., Errors of 20 percent
or more in the proton and He abundances may result from ignoring the
production of these nuclides in fragmentation reactions, Rough estimates
of these cross sections for production of light nuclei were made based on
data obtained by Freie» and Waddington (1975).

We note here that uncertainties in the total cross sections are the
single greatest uncertainty in these calculations. The error
(~ 10 percent) in the total cross section for iron fragmentation causes
at least n times that error in the flux after n mean free paths (1 mean
free path = 16 gm/ecmé¢). The error in partial cross sections, when
averaged over the isotopes is similar in magnitude to that of the total
cross sections.

We have neglected the variation of cross sections with energy in this
computation and used the high-energy values. This dces not result in
significant error because the mean-free-—path for fragmentation at low
energies is much smaller than the range.

2.4 1lonization Loss

Loss of energy in the atmosphere due to ionization of air molecules
is rapresented by the stopping power of the nuclide. The stopping power

dE (2.4-1)
Wu-a‘)—(‘

is the rate of energy loss [MeV/(g/cm?)] of material traversed. For
protons the stopping power in air varies from roughly 200 MeV/(g/cm2)
at 1 MeV down to about 2 MeV/(g/cm2) at high energies. For other
particles it scales as 29, Tab1e 2.3 contains stopping powers of H,
He, C, O, Ar, and Fe 1in air. This table was produced by programs
discussed in Adams, et al. (1983a).

The range of particles in air 15 also required in this work. Range
is defined by the integral:

E
dE
wifE) (2.4-2)

and 1is calculated in g/cmé, Table 2.4 contains ranges of H, He, C, O,
Ar and Fe in air. Ranges for other nuclides may be interpolated from
this table.
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40.0
50.0
60'0
70.0
80.0
100.0
120.0
150.0
200.0
250.0
300.0
400.0
500.0
600.0
700.0
800.0
1000.0
1200.0
1500.0
2000.0
2500.0
3000.0
4000.0
5000.0
6000.0
7000.0
8000.0

H

2.205E+02
1.951E+02
1.673E+02
1,363E+02
1,157E+02
1.008E+02
8.046E+01
6.850E+01
5.9335E+01
5, 252E+01
4.721E+0L
3.948E+01
3.411E+01
2.856E+01
2.277E+01L
1.908E+0L
1.647E+01
1,308E+0L
1.095E+01
9.,486E+00
8.416E+00
7. 597E+400
6.,424E+00
5. 622E+0Q0
4.804E+00
3,967E+00
3.456E+00
3.113E+0Q0
2, 684E+00
2.430E+00
2,2658+00
2.152E+00
2, 070E+0Q0
1.965E+4+00
1.903E+00
1.853E+00
1.824E+400
1.823E+00
1.833E+00
1.867E+00
1.904E+00
1.940E+00
1.973E+00
2.004E+00

Table 2.3

Stopping Power in Air (MeV/(gm/cmz))

He

8.433E+02
7.502E+02
6.501E+02
5.394LE+02
4.652E+02
4.108E+Q2
3.348E+02
2.885E+02
2.524E+02
2.249E+02
2.031E+02
1.703E+02
1.4635E+02
1.206E+0Q2
9.301E+01
7.659E+01
6, 594E+01
5,233E+01
4.,382E+01
3.796E+01
3.368E+01
3.040E+01
2.571E+01
2.250E+01
1.923E+01
1.588E+01
1.383E+01
1.246E+01
1.074E+01
9.726E+Q0
9.067E+00
8.6125+00
8,286E+00
7.864E+00
7.618E+00
7.419E+00
7.301E+00
7.297E+00
7.339E+00
7.472E+00
7.620E+00
7.764E+00
7.898E+00
8.022E+00

c

5. 514E+03
5.159E+03
4,.703E403
4,103E+03
3.641E+03
3,275C+03
2,727E+03
2.361E+03
2.074E+03
1.,B51E+03
1.673E+03
1.406E+03
1.218E+03
1,020E+03
8.130E+02
6.833E+02
5.921E402
4,7Q07E+02
3.944E+02
3.418E+02
3.033E+02
2.738E+02
2.316E+02
2.028E+02
1.733E+02
1.432E+02
1.247E+02
1.124B+02
9,692E+01
8.777E+01
8.182E+01
7.773E+01
7.479E+01
7.098E+01
6.876E+01
6., 697E+01
6., S90E+01
6., 586E+01
6. 623E+01
6. 743E+01
6.877E+01
7.006E+01
7.1278+01
7.238E+01

0

8.479E+03
8. 034E+03
7.437E+03
6. GLOE+03
5.950E+03
5.4L1E+03
4, 584E+03
4.013E+03
3. 559E+03
3.200E+03
2,908E+03
2. 464E+03
2.142E+03
1.799E+03
1,436E+03
1.208E+03
1,049E+03
8. 356E+02
7. 005E+02
6, 073IE+02
5,391E+02
4.B6BE+0?2
4.119E+02
3. 606E+02
3. 083E+02
2. 547E+02
2.220E+02
2. 000E+02
1.725E+02
1, 562E+02
1. 457E+02
1.384E+02
1. 331K+02
1, 264E+02
1.224E+02
1. 192E+02
1, 173E+02
1,172E402
1, 179E+02
1.200E+02
1. 224E+02
1. 247E+02
1. 2691+02
1. 288E+02

Ar
2.378E+04
2.343E+04
2.277E+04
2.154E+04
2.032E+04
1.919E+04
1.723E+04
1.567E+04
1.,436E+04
1,325E+04
1.232E+04
1.,08lE+04
9,647E+03
8.,330E+03
6.,81L3E+03
5.799E+03
5,08LE+03
4,123E+03
3.490E+03
3.041E403
2.,708E+J3
2.4 50E+03
2,079E+03
1.824E+03
1,562E+03
1.293E+03
1.1288403
1.017E+403
8.781E+02
7.958E402
7.422E402
7.053E402
6.78BE+02
6,444E+02
6,243E+402
6,081C0+02
5,984E+02
5,979E+02
6.013E+02
6,120E+02
6.240E+02
6,3 56E+02
6, 465E+02
6, 565E+02

Fe

3.472E+04
3.4841E+04
3.461E+04
3.3728+04
3,256C+04
3.134E+04
2.900E+04
2.695E+04
2.513E+04
2.,355E+04
2.215E+04
1.982E+04
1.796E+Q4
1.577E+04
1.317E+04
1.135E+04
1.003E+04
B8.249E+0Q3
7.077E4+03
6.218E+03
5. 564E+023
5.053L+03
4,307E+03
3.789E+03
3,254E+03
2.700E+03
2,359E+03
2.129E+03
1.840KE+03
1.668E+03
1, 557E+03
1,480E+03
1.424E+03
1.353E+03
1.311E+03
1.277E+03
1.,256E+03
1.255E+03
1.262E+03
1.285E+03
1.310E+03
1.334E+03
1.357E+03
1.378E+03




MeV/u

1.000
1.200
1,500
2.000
2.500
3.000
4.000
5.000
6.000
7.000
8.000
10.000
12,000
15.000
20.000
25.000
30 000
40.000
5C.000
60.000
70.000
80.000
100.000
120.C00
150.000
200.000
250.000
300.000
400.000
500.000
600.000
700.000
800.000
1000.000
1200.000
1500.000
2000.000
2500.000
3000Q.000
4000.000
5000.000
6000.000
7000.000
8000.000

H

2.907E-03
3.831E-03
5. 561E-03
8.919E-03
1.295E-02
1.762E-02
2.890E-02
4,254E-02
5. 838E=02
7.648E-02
9.6758~02
1.437E~01
1.988E-01
2.96lE=01
4.953E-01
7.382E=01
1,023E+400
1,716E+00
2. 562E+00
3. 554E+Q0
4, 685E+00
5.948E+00
8.847LE400
1.221E+401
1,806E+01
2,9609E+01
4.336E401
5.877E+01
9, 384E+0L
1.335E+02
1, 765E+02
2.223E+02
2.701E+02
3.703E+02
4.747E+02
6. 360E+02
9.107E+02
1.187E+023
1.,463E+03
2., 008E+03
2, 543E+03
3.067E+03
3.583F+03
4,089E+03

Table 2.4

Range in Alr (gm/cmz)

He
3.360E-03
4,369E-C3
6,095E-03
9.493E-01
1.350E~02
1.809E=-02
2.896E-02
4,188E-02
5.675E~=C2
7.357E-02
9.233E~02
1.355E=-01
1.864E=01
2,771E-01
4.677E-01
7.063E~01
9,889E-01
1.676E+00
2. 516E+00
3. 500E+0Q0
4, 622E+00
5,87 5E+00
8.752E+Q0
1,209CE+01
1,789E+01
2,943E+01
4,299E+01
5.828E+01
9.310E+01
1.324E+02
1.751E+02
2.205E+02
2. 679E+02
3.473E+402
4.709E+02
6.309E+02
9.034E+02
1.178E+03
1.451E+03
1,992E+03
2. 523E+03
3.043E+03
3.554E+03
4,056E+03

C

2.,130L~03
2.581E=-03
3.313E=-02
4.684L-035
6.241E~-03
7.982E-03
1.202E-02
1.677E-02
2.220E-02
2.835E~02
3.518E-02
5.091E-02
6.932E-02
1.0lBE-QL
1.,6838-01
2.492E=-01
3,439E=-01
5.731E-01
8.532E-01
1.181E+00
1.555E+00
1,973E+00
2.931E+00
4.043E+00
5.974E+00
9.814E+00
1.433E+01L
1,941E+01
3,099E+01
4,406E+01
5.827E+01
7.335E+01
8,212E+01
1.222E+02
1.566E+02
2.098E+02
3.004E+02
3.916E+C2
4.826E+02
6.,624E+02
8.38BE+02
1.012E+0Q3
1.182E+03
1.349E+403
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0

1.972E-07
2.360E=C3
2.981LE=~03
4,124E-03
5.401E-03
6.813E-03
1,0C4E=D2
1.378E-02
1.802E8=-02
2.277E~-02
2.802C=-02
4,002C~02
5.398E~02
7.854E=02
1.,287E-~01
1.897E-01
2.61C0E~=01
4.331E-01
6.432E-01
8.893E-01
1.170E+0Q0
1.482E+Q0
2.200E+00
3.033E+00
4.479E+00
7.355E+00
1.073E+01
1.454E+01
2, 321E+0L
3.299E+0L1
4.362E+01
5.490E+01
6, 6705+01
9.,143E+01
1.172E+402
1., 570E+02
2. 248E+02
2,930E+02
3.611lE+02
4.,956E+02
6.276E+02
7.571E+02
8.843E+02
1, 009E+403

Ar
2.124E-03
2.4625-03
2.981E-03
3.882E-03
4.837C-03
5.849E-03
8.049E-03
1.048E-02
1,31 56-02
1. 60 SE=02
1.918E-02
2,612E-02
3.3956-02
4.736E-02
7.402E-02
1.059E-01
1.428E-01
2.307E=01
3.364E-01
4, 594E-01
5,989E=01
7.542E-01
1.110E+00
1, 521E+00
2.234E+00
3. 650E+00
5,311E+00
7.180E+00
1.143E+01
1.623E+01
2, 144E+01
2. 697E+01
3,275E+01
4,486E+01
5.747E+01
7. 69 3E+01
1.101E+02
1. 436E+02
1.769E+02
2.428E+02
3,074E+02
3,708E+02
4,331E+02
4.944E+02

Fe
2.204E-03
2.525E-03
3., 007E-03
3.824E=03
4, 666E-03
5. 540E-03
7.393E-03
9.392E-03
1+154E~02
1.384E-02
1,628E-02
2.162E=-02
2.755E-02
3.753E-02
5.700E-02

7.991E-02 -

1.00l1E-01
1.679E-01
2.413E-01
3.256E-01
4.208E-01
3.263E-01
7.667E-01
1.044E+00
1.523E400
2.472E+00
3.583E+00
4,832E+00
7.672E+00
1.,087E+01
1.434E+01
1,803E+01
2.188E+01
2.994E+01
3.834E+01
5.131E+01
7.341E+01
9, 866E+01
1.,179E+02
1.617E+02
2.048E+02
2.470E+02
2.885E+02
3.293E+02

e e




2.5 Flux at the Top of the Atmosphere

The cosmic ray flux at the top of the atmosphere has been measured
extensively. A compilation of these results and procedures for
estimating the fluxes are given in Adams et al., (1981). These fluxes are
dependent upon various solar system and near-earth environmental
factors., Among these the ll-year solar cycle causes variations of up to
an order of magnitude in fluxes. They are greatest at solar minimum, the
most recent of which was late in 1977, Solar flares, which are of short
duration and occur at unpredictable intervals, can cause increases of
many orders of magnitude in the low energy flux., The magnetic field of
the earth however can deflect all low energy charged particles below some
cutoff which can be as high as 8 GeV/nucleon (A/Z = 2) and averages 1 or
2 GeV/nucleon.

The cosmic ray fluxes have errors of 30 percent or more. This error
contributes to the overall estimate of upset probabilities, and is the
most important error at high altitudes.

[sotopic abundances are not critical in estimating soft upset rates.
They were taken from current data as mentioned in Section 2.2.

2., 6 Results of Propagation
Vertical flux of several groups of cosmic rays as compuied by the

methods of this section are shown in Figure 2.2. They are compared with
data of Webber et al. (1967). Good agreement with these data is found.

3.0 Cosmic Ray Fluxes in the Atmosphere

3.1 Integrated Flux in the Atmosphere

In this section the combination of differential energy fluxes into a
total particle flux at any point in the atmosphere is discussed., The
particle flux at any point is both zenith and azimuthal angle dependent.
The two factors which determine the flux in any direction are geomagnetic
cutoff and pathlength. The zenith angle, e, is the angle the cosmic ray
trajectory makes with the vertical. Pathlength in the atmosphere depends
only on this angle. We may define a function X(e,Xy) (see Section 3.2)
giving the number of grams to the top of the atmosphere proceeding at a
zenith angle s from a point whose vertical depth in the atmosphere is
Xo g/cm2, " This function has the property:

X(O,Xo) = Xp (3-1—1)

The geomagnetic cutoff at a point depends both on the zenith and
azimuthal angles. We define the azimuthal angle, 4, as the incoming
direction of the cosmic ray as measured with respect to geomagnetic
aast. At any geographic point, the cutoff vs. zenith and azimuthal
angles is compietely determined by the vertical cutoff. Thus, the lower
1imit of rigidities allowed within the atmosphere at any place is given
by a function R(e,#,Ry) (see Section 3.3). The rigidity is related to
energy/nucleon for a particular species i by:
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R(GV/c) = _ M [E(E * 1863) (3.1-2)

1000Z

where E is expressed in MeV/nucleon.

Given the pathlength and rigidity cutoff functions and the flux vs.
energy and pathlength, J(x,E), as computed in Section 2, the total flux
at a point is:

" 2n

FT(xO,E) =/ sine de qub J(X(e,xo),E) g(e,9,E) (3.1-3)
0 0

where J(X,E) is the calculated particle flux (see Section 3) for energy E
and pathlength X.

The function g{e,9,E) = 1 if the particle was able to enter the top
of the atmosphere and = 0 otherwise. We evaluate g(e,p,E) by comparing
the range of the nuclide at energy E in air with the range at cutoff
rigidity minus the pathlength. If

Range(E) » Range(F 8, %) (3.1-4)

cutoff) - X(e, 0

then the range at the top of the atmosphere was greater than the range at
c?toff fnergy (implying the energy was greater than cutoff energy), and
g °’¢,E = 10

The flux <calculations are performed for a limited number of
pathlengths (in this work, 7). The flux at any other pathlength is
determined by interpolating between these fluxes (or extrapolating if
X(9,%xg) > 100 g/cmé. The fluxes at two nearby points xg and xq
are Jg and J; respectively., Assuming an exponential decrease in flux
with pathlength the flux at x g/cm@ is:

J(x) = d  exp { ]:(JOLJI) (x—xo)} (3.1-5)
17 %o

Figure 3.1 shows total flux levels for the altitudes of interest
in this report versus geomagnetic cutoff. From the figure one sees
that total flux can be reduced more than a factor ten by the
geomagnetic cutoff. Roughly equal spacing of the curves corresponds
to the roughly exponential drop in flux with pathlength.

3.2 1Ienith Angle Dependence of Atmospheric Depth

The variation of pathlength with zenith angle and altitude is
computed 1in this section, Figure 3.2 shows a schematic diagram of
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garth's atmosphere at some altitude h. The vertical distance to the
top of the atmosphere is denoted by x. We wish to calculate the
distance, y, to the top of the atmosphere at a zenith angle .
Applying the law of cosines we have:

y2 + 2y(Re*h) cos @ + (Rg*h)2 = (Rg*h + x)2 (3.2-1)
therefore:
Rg*th + xY? , |12 (3.2-2)
¥y = (Rg*h) — 5 / - sin“e - COos @
e
The sguare root may be re-expressed as:
9 1/2
cos o [1 + 2% —r + X - ZJ (3.2-3)
(Re+h)cos ) (Re+H) cos

In this work, the altitudes under consideration are 1less than 64 Kkm
whereas the radius of Earth is ~ 6400 km. The third term in brackets
may be neglected, while so long as & < 800 the remainder can be
expanded to yield

Y = % sec @ (3.2-4)

Therefore, for zenith angles which encompass the majority of cosmic rays
at a point, the relation between y and x is linear.

The 1linear relationship between x and y 1implies a linear
relationship between the pathlength along the vertical to the pathlength
at e. In moving vertically between x and x + dx, a density p(x) is
encountered and a pathlength p(x)dx is traversed., The corresponding
move at an angle @ 1is over a distance dy = dx sec & and therefore
involves traversal of precisely sec & times the vertical pathlength -
1pde?endent of x. Thus, the pathlength vs. zenith angle relation is
simply

X(8,%q) = %xg sec o (3.2-5)
At the point where this relation breaks down (e = 800) the cosmic ray

flux is negligible, having passed through aimost 6 times as much air as
the vertical flux.

3.3 Geomagnetic Cutoff

Earth's magnetic field serves as an extremely effective shield of
low to medium energy cosmic rays. This shielding action s
characterized by a vertical rigidity cutoff at each geographical
location (see energy/rigidity relation, eq. 3.1-2). Positively charged
particles having rigidities below the cutoff cannot arrive at a point




vertically or from the east because they are deflected away. Arriving
from the west they are deflected toward Earth and hence are able to
penetrate at lower energies,

Vertical geomagnetic cutoffs have been computed at 20 km altitude by
Shea and Smart (1975). For roughly 800 geographical positions, charged
particles arriving vertically were propagated backward through a precise
model of the geomagnetic field. Such trajectories, when the rigidity is
below cutofr, eventually intersect the earth's surface, When the
rigidity 1s above cutoff they escape earth. This method gives an
accurate determination of the cutoff rigidity. A contour plot of the
vertical cutoff data is presented in Figure 3.3. Note that more than
half earth's surface has a cutoff rigidity of greater than 4 GV. Since
the average cosmic ray energy is roughly 1 or 2 GeV/nucleon most cosmic
rays are deflected from earth by its magnetic field,

The cutoff rigidity in directions other than the vertical depends on
the angle of arrival (see Fig. 3.4). Low energy particles arrive
predominantiy west, while particles with energy much greater than the
cutoff arrive from any direction, Exact arrival angles are described by
the Stormer cones, The relation between the Stormer cone angle, y, and
cutoff is approximately

R = Ry (3.3-1)
[1+(1~cos ¥y cos3 ) 1/2] e
where
4 R 2 (3.3-2)
COS A = 'V 1 + altitude (km) :
1756 8371 /

Plots of the ratio of cutoff to vertical cutoff for various vertical
cutoffs and Stormer cone angles are displayed in Fig. 3.4,

The Stormer cone angle, y, 1s related to the azimuthal and zenith
angles by

COS y = cOS § sin e (3.3-3)
Eq. 3.3-1 through 3.3-3 allow the geomagnetic cutoff for any arriving
angle to be determined from the vertical cutoff and altitude. Further

discussion of the geomagnetic field effect on cosmic rays is contained
in Adams et al. (1983).

4,0 Single Event Upsets

4. 1 LET Spectra

Up to this point we have discussed the calculation of cosmic ray
spectra in the atmosphere for each charge species. There is no direct
relation between these spectra and single event upsets because the
rate of energy deposit by a cosmic ray bears a complicated functional
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relation to its total energy. The LET (linear energy transfer) or
stopping power of a charged particle is {ts rate of energy loss in
matter. Table 4.1 shows the stopping power in silicon for several
elements in MeV/(g/cm2), It 1s notable that the stopping power is
at a minimum and roughly constant above 1 GeV/nucleon,

The transformation from energy spectrum to LET spectrum is:

-1
L) = Ty (E) (%‘—51) (4.1-1)
1

where the sum over species is necessary because the stopping power is
charge dependent. The differential LET spectrum reprasents the energy
transfer characteristics of all species in one spectrum. Because L is
not a monotonic function of E 1its derivative can be zero, thus J(L)
has singular points corresponding to stopping power minima and maxima
for all the elements. These singularities are avoided in numerical
applications by using LET and energy bins, and defining the LET
spectrum by

L) =T (8) A% (8.1-2)

In our work we have divided the LET dinterval (1 < L < 105
MeV/(g/cm)) and the energy interval (1 < E < 8 GeV/nucleon§ into
500 bins with special treatment of particles above 8 GeV/nucleon.

In practice it is convenient to use the integral LET spectrim

N(L) -fJ(L) il (4.1-3)
L

because it does not fluctuate, but decreases monotonically from

L = 0. Integral LET spectra for cosmic rays at various altitudes and
geomagnetic cutoffs are shown in Fig. 4.1-4,9, Interpolation allows
the spectrum to be found at any altitude between 50 and 150 thousand
feet at any 1ocat10n. For example, Fig. 4.10 shows the integral LET
spectrum at 103 MeV/(g/cmé) for all altitudes and cutoffs.

Figure 4.1 shows the typical behayior of the LET spectrum as a
function of altitude. At 150,000 ft., where very little slowing down
has taken place, the geomagnetic field essentially eliminates 1ons
with LET > 2 x 103 MeV/(g/cmd). This occurs because all heavily
fonizing (i.e., low energy) Fe are deflected while higher charge
species are extremely rare. By 85,000 ft. many high energy Fe ions
have slowed down because of jonization 1loss and the spectrum is
appreciable to 10% MeV/(g/cmé).

4,2 Soft Upsets
The relation between soft upsets and the LET spectrum is governed

by the critical charge of the device, Q¢, and the geometry of the
sensitive volume. An energy deposition in the sensitive volume causes
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MaV/u

1.000
1.200
1.500
2.000
2,500
3,000
4,000
5,0C0
6,000
7.000
8,000
10.000
12.000
15.000
20.000
25,000
30.000
40.000
50.000
60.000
70.000
80.000
100.000
120.000
150.000
200.000
250.000
300.000
400,000
500,000
600.000
700.000
800.000
1000.000
1200.000
1500.000
2000.000
2500, 000
3000. 000
4000, 000
$000.000
6000.000
7000.000
8000.000

H

1,759E
1.5876E
1.369E
1.133E
9,71CE
8., 524E
6.873E
5.892E
5.131E
4, 558E
4., 110E
3.452E
2.992E
2, 514E
2.014E
1.695E
1,469E
1.172E
9.8548
8. 561E
7.8612E
6. 883E
5.837E
5.120E
4.385E
3.611E
3,170
2.860E
2.472E
2, 242E
2. 0948
1.991E
1.918E
1.818E
1.758E
1.708E
1. 674E
1.667E
1.671E
1.691E
1.716E
1. 740E
1.763E
1.784E

02
02
02
02
oL
01
0l
01
0l
01
0l
ol

01
ol
0l
01
0l
00
00
00
00
00
00
00
00
Qo
olv}
00
00
00
00
00
00
00
00
00
00
Q0
00
00
00
00
00

Table 4.1

Stopping Power in Silicon (MeV/(gm/cmz))

He

7.046E
6,305E
5.466E
4, 502E
3.846F
3.366E
2,7045
2,308E
2,0068E
1.780E
1.604E
1.347E
1.170E8
9.888E
8.006E
6.775E
5.BBOK
4.693E
3.944E
3.426E
3.046E
2.7558
2.336E
2.049E
1,7558
1.453E
1.269E
1.1458
9.89 5L
B8.976E
8.380E
7.971E
7.677E
7.2778
7.038E
6.837E
6.702E
6. 673E
6. 6898
6.770E
6. 868K
6.965E
7.055E
7.139E

Q2
02
Q2
02
02
02
02
02
02

02
02

o1
ol
ol
0l
ol
ol
o1
ol
ol
0l
ol
ol
ol
0l
QL
00
00
00
00
00
00
00
00
00
00
00
o0
00
00
00
00

c

4.40lE
4.1G6BE
3.8518
3.4098
3. 056E
2. 769E
2.,330E
2.032E
1.794E
1.607E
1. 4578
1.232E
1.070E
9.0008
7.209E
6.082E
5.287C
4.225E
3.552E
3.087E
2,745E
2.483C
2,106E
1.847¢C
1,583E
1.311E
1.1485E
1.0330
8.9308
8.102E
7.565E
7.195E
6.931E
6. 569E
6. 354E
6.173E
6.051E
6.02 5E
6.039E
6.111E
6.199E
6.286E
6.368E
6. 4440
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03
03
03
03
03
03
03
03
03
03
03
03
03
02
02
02
02
02
02
02
02
02
02
c2
02
02
02
02
0l
ol
ol
ol
o1
ol
ol
ol
0l
0l
0l
ol
ol
0l
0l
ol

0

6.768E
6, 492E
6.089E
5,493E
4.993C
4. 5758
3.916C
3.453E
3. 078E
2.779E
2. 534E
2.158C
1.883E
1, 588E
1.274LC
1,076E
9, 370K
7. 502E
6.310E
5, 4B6E
4.879E
4, 414E
3. 7450
3. 286E
2.816E
2.333E
2.037E
1.838E
1.442E
1.347E
1.281E
1.234E
1. 170E
1.131E
1.099E
1.077E
1.073C
1.075E
1.088E
1.104E
1.119E
1.134E
1.147E

Ar

1.898E
1.894LC
1.865E
1.790E
1.706E
1.623E
1.472E
1.348BE
1.242E
1.151E
1.074E
9.4738
8.487E
7.361E
6.051E
5.169E
4. 5428
3.703E
3. 146E
2.748BE
2.,452E
2.223E
1.891E
1,663
1.427E
1.1858
1.036E
9,355
8.097E
7.351E
6.867E
€, 533E
6,294E
5.968E
5.773E
5.609E
5.498E
5.474E
5.487E
5. 551E
5.630E
5.709E
5.782E
5.8 50E

v4
04
04
04
04
04
04
O4

04
04
03
03
Q3
Qa3
Q3
03
Q3
03
03
03
03
03
03
03
03
Q3
02
02
02
02
02
02

"
<

02
02
02
02
02
02
02
02
02
02

Fe
2.773E
2.8l6E
2.835E
2.802C
2.7336
2.850E
2,477E
2.319E
2,174E
2,046E
1.931E
1.737E
1.580E
1.393E
1.170E
1.012E
8.969E
7.408C
6.377E
5.6l8E
5.038E
4, SEIE
3.718E
3.455E
2.974E
2.,475E
2.,167E
1.959E
1.697E
1.542E
1.441E
1,371E
1.3228
1,253E
1.213E
1.178E
1,155k
1. Ll508
1.153E
1.16GE
1.182E
1.199¢€
1.214c
1.228E

e o -
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free electron-hole pairs to be created at a rate of 1 pair per 3.6 eV
deposition. This charge is then, by definition of the sensitive
volume, able to accumulate and cause a change in device state, Device
sensitivities are discussed in a number of articles (Pickel and

Blandford, 1980; Petersen et al., 1982; Ziegler and Lanford, 1979).
The critical charge is a few pC for devices with length scales on the
order of 10-20 um. It varies roughly as the inverse square of the
length scale, Radiation hardened devices have a critical charge about
twice as large. The total charge freed when aE is deposited is

a(pe) = AEMEV) (4.1-4)

Thus the upset rate is the number of particles per unit time which
deposit an energy greater than or equal to

BE, = 22,5 Q (4.1-5)

Since ions lose energy linearly at a rate equal to their LET (in thin
slabs of matter), the upset rate depends only on the LET spectrum and the
distribution of chord lengths in the sensitive volume.

The chord Tlenygth distribution C(p) 1s a probability density.
Assuming the sensitive volume is subject to an isotropic cosmic ray flux,
C(p) dp is the probability that a cosmic ray will pass through between p
and p + dp of the region. This is a purely geometric quantity which is
known exactly for any rectangular parallelepiped (Pickel and Blandford,
1980). The energy deposited by a charged particle over tne length p is

AE = plp (4.1-6)

where p is the density of silicon (2.32 g/cm3). For a chord length p
any chargad particle with LET greater than

L 22.5 Q¢ (4.1-7)
op
causes a device upset. The total number of upsets/sec is therefore

min

u=T, /N(Lmin) C(p) dp, (4.1-8)
0

where A, is the mean projected area of the sensitive volume, equal to
one quarter the surface area of a rectangular parallelepiped, and C(p) is
the chord length distribution. N{Lmin) is given by Equation 4.1-3.

Figures 4.11 through 4.14 show typical upset rates and their
variation with parameters of the calculation. In Figure 4.11 the
variation with altitude show that upset rates for a sensitive volume
5 x 10 x 10 uym and critical charge between .1 and 1 pC are strongly
dependent on atmospheric depth, At the top of the atmnsphere the cutoff
excludes highly ionizing Fe, while at lower altitudes ionization 1loss
restores the low energy iron flux. At 75,000 ft. the variation with
cutoff 1is shown 1in Figure 4,12. Highly ionizing Fe are restored from a
cutoff of 1 GV, but not at the 4 GV level. The breakdown into element
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groups (Figure 4.13) shows that for critical charges above 0.02 pC, the
heaviest dons contribute most to soft upsets, Lighter ijons are of
importance 1in proportion to their charge. Figure 4.14 shows the
variation of several orders of magnitude possible with varying device
sensitivity.

5.0 Computer Code

In this section the computer code developed to estimate soft upset
rates in the atmosphere is presented. These programs may be classified
as follows:

i) Data Filcc 1] Data File Preparation Programs
i1) Afr Prop:. -.:%in Programs

i11) Post-proce...ng Programs

iv) Command File Generator

Classes (1) through (111) are VAX<11 FORTRAN programs and data
files. This FORTRAN version 1s an extension of the standard FORTRAN-77
and the programs may hot be compatibie with other systems. The structure
of this system of programs and data files 1s shown in Figure 5.1. The ‘
Command File Generator is written in the VAX/VMS commnand language, DOCL
(Version 3.2). This file generates a command file which associates the
programs and data files correctly and requests all required input data.
The command file may be submitted for execution when convenient,

5.1 Data Files and Data File Preparation

There are four 1input data files required for execution of these
programs.,

1) SILPOW ~ Stopping powers of H, He, C, 0, Ar, and Fe in Si (same
as Table IV.1). Format (F8.3,6(3X,1PE9.3)).

2) ASTPOW ~ Stopping powers of H, He, C, 0, Ar and Fe in air (same
as Table 11.3). Format (F8.3,6(3X,1PE9.3)).

3) ARANGE - Range of H, He, C, 0, Ar and Fe in air (same as Table :
11.4) Format (F8.3,6(3X,1PE9.3)).

4) SOURCE3 -~ List of Isotcpic Species (same as Table 11.2), Format
E (6(13,A2,13),F6.3). 1

In addition, four data file preparation programs create the remaining {
four files: ‘

5) QAIR3 - List of partial cross sections for production of lighter
nuclides from heavier nuclides in collision with air, produced by the
program, QAIR, which requires the subroutine YIELDX (IZ, IA, JZ, JA, E,
S). YIELOX returns the partial cross section, S, for the process (Ny +
p > Nj + p + anything) at energy, E (MeV/nucleon).
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6) FLUXES - Fluxes at the top of the atmosphere for the isotopic
species in SOURCE3. The program FLUX uses Adams et al. (1981) model of
cosmic ray fluxes as modified by recent experimental work.

7) RANGIN - Produced by RANGER and contains data on flux loss in
passing through .1 gm/cme air,

8) POWIN - Produced by POWER and contains stopping power data on the
nuclides 1n SQURCE3, interpolated from ASTPOW.

The data file preparation programs are listed in Appendices 1 through
9, A subroutine, CUBSPL, which performs cubic spline interpclation is
required for execution of RANGER. This subroutine is shown in Appendix 5.

5.2 Air Propagation Programs

The techniques used in the air propagation programs are discussed in
Section 2. The procedure is separated into two parts. In the first
(APROP) propagation through all but the last gram of air is performed.
Only fragmentation for the last gram is performed. In the second (GRAM)
the last gram of ionization loss is performned, meanwhile extending the
minimum energy from 30 MeV/u to 1 MeV/u. These programs are shown in
Appendices 6 and 7.

The two subroutines of AFROP (appended to the program) are AIRMAT and
ILOSS.  AIRMAT constructs the matrix of total and partial cross
sections. The partial cross sections are read in frrm QAIR3 while the
total cross sections are calculated using 2.3-1 and 2.3-2. In ILOSS the
coefficients in 2.1-7 pertaining to ionization loss are calculated as
needed,

5.3 Post-Processing

The three post-processing programs exhibited in Figure 6.1 are found
in Appendices 8, 9 and 10, These programs take the results of air
propagation and convert them into the quantities of interest in this
report,

ATMOS interpolates the seven flux files at 0, 5, 15, 30, 50, 75, and
100 gm/cm? and integrates them over zenith and azimuthal angles to get
the total integrated flux. These procedures are discussed in Section 3.
The functions RANGE and STPOW estimate the range-energy and stopping
power relations in air using the Bethe-Bloch theory. These are used in
combination with CUTFACT to evaluate the 1inequality 3.1-4. CUTFACT
determines the angular dependence of the geomagnetic cutoff. The
subroutine ALTGRM computes the altitude vs. grammage relation of Fig.
2.1. FLUX performs the exponential interpolation (Eq. 3.1-5).

LETINTT performs the conversion from flux to LET spectrum for all
species. It calls the cube spline subroutine, C(UBSPL. Methods are
discussed in Section 5.1.
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UPSET converts the LET spectrum into an upset vs. critical charge
profile, It depends on geometrical properties of the sensitive region
. which is assumed to be a rectangular parallelepiped. The function DIFPLD
{ evaluates the analytic form of the differential pathlength distribution.
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Figure 3.1 Integral cosmic ray flux (mostly protons) as a function
of altitude and geomagnetic cutof”, Equal spacing of
curves shows roughly exponential decrease with
increasing depth in the atmosphere.
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AFPENDIX 1

PROGRAM QAIR
T Y e R T T R R T e E e T e T N YT LI
##%  THIE PROGRAM COMPUTRES PARTIAL CRUOSS SECTION3 FOR CREATION
### OF ONE ISOTQORIC SPECICESY FROM ANOTHER IN COLLISIONS WITH
##%  AIR NUCLET. IT 18 DBASED ON PROTON=-NUCLEUS PARTIAL
##% (CROSS SEC/I0~NH (YIELDX. FOR) COMPUTED FROM THE SEMI-
#nd EMPIRICAL FORAULAS. THE LIST OF S8PECIES (BOURCEQJ. DAT)
### S REQUIRED INRUT. QAITRQ, DAT I8 PRODUCED AS OUTPUT.
T3 e Atk AR A 2 O 3 e A 0 92 g Bt b ol D0 3 b b e 3 b b 30 b A 36 3 B 0 b 2 U 3 S e
PARAMETER Nmya, Niafe
DIMENSION IZ(5 Ny 1X{% N}, IVIS, N), FI{N),Q(N.NJ), 81 (N), S2¢(N)
DIMENSION M1{N),Ma(N), TGIN/N), GF(N),FZ(26) |
DATA F1/7.E4,4.E3,18.7, 9.7,28.4,100.,2%. 2,92. 1, 1.4, 1. 4 :
2.8,18.8 3.3,14.0, 0.8, 3.0, 1.7, 3.1, 2.2, 4.7
f.2, 3.3, 1.7, 4.3, 2.4,20. %
DATA 81, SA/N®Q, , N#Q, /
OPEN(UNIT={, FILE='8B0OURCEQ. DAT/, BTATUB=‘0OLD /)
OPEN(UNIT=, FILE=/QAIR3. DAT’, 8TATUS='NEW’)
SA I 300 B A0 kA0 0 B 0 30 0 0 o 00 0 0 0 00 U e A 0 0 00 0 0 0030 S 3 0 B0 0
### READ IN LIBT OF SPECIES.
[EZE TR TS AT FE PSR T TR N PIT IR T ETY T YT Y Y
READ (1,1) (CIZ(h 1), IXCJ 10, IV 0L D) dml, B),GF (1), Imf, N)
FORMAT ((B(13,AR:13),F6.3))
S e B et A 30 3 e U 30 00 A O 000 B T DA T 3 A 6 B b 0 1 30 0 2 3 e
### FOR EACH TARQET SPECIEB I, COMPUTE THE CROSS SECTION TO
##% CREATE THE PRODUCT SPECIES J AND UP TO 4 OTHER NUCLIDES
##s  WHICH ARE GROUPED WITH J IN THE SPECIES LIST.
b 030 AT NAR 43100 0 0 B 0 3090 36 20 b 0 A0 40 36 9090 0 B e B 0 0 0 e A O 4 30 0 0 0
DO I=i.,NI
IImIZ(L,1)
FI{I)aFZ(II)*QF(])
DO Jui,: NI
G(J, I)wQ,
DO Kmi, %
IF (IY(W J). EQ. Q) GO TO 42
Zi=12(1. 1)
Al=IY(1, D)
2 mIZ(K, )
A -IY( K: \J)
CALL YIELDXC(IZCL, I, IYCL, 1), IZWK, W), IY(K,J), 2300., QJ!
EDmi,
IF (1Z{K,J).GT. 3 . AND. A . LT. A1/2.) ED=3 #EXP(~2. #A/AL)
ELml. +. d%(1. + 02w {(Z1/2Z)u%@) (1 -1, B#Z/21)

T T e e a T

IF (IZCKR W) LT3 L O0R. TZ2(K, J).QT. 8 ) EL=1
QCJ, D =AY, 1) +Quel. #EDHEL
END DO

1 (=S (D +Q(Jy 1D
SR (J)=mSZ (U +Q(J, 1D
END DO
LI EITE XSRS S R S EE LYY S S AL LI LR LA LR LY S et 2l Eal Y )
#%% PUT IN INTECER FORM.
e 1 3o Ho b b ok B b ok e 1h o b O 3B O Wb 30 Db 1 030 SE 3 90 0 30 b ok e B At b e B AR AR A e A N
DO J=iy NI
1IQ¢J IN=G(J, 1)+, 8
END RO
(LTI R SIS ST LI LRSS S LSS LI Y L L Ll LAY XYYy LYY g
##%  OUTPUT TO GAIR3. DAT
T B A 0 e e 3 e B 2b A b 3 B W B B B U 3 b T e 36 N B A B N
WRITE(2, Q) (IZ(K, L), IXC(K, T), IY(K, 1), Kul, 8), FI(I),
(IG(H I)iumt, NI
FORMAT (9(13,A2,13),30X:F10. 2/4(2014/),1614)
END DO
END
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APPENDIX 2

PROGRAM FLUX
L2l SRR LA YRS RSP STEES LS AIEEITEELYLEY Y Y YN Y
*#% THIS PRUGRAM CREATES AN INPUT FILE - FLUXES, DAT ~ FOR USE
##4  IN THE AIR PROPAWGATIUON PROGRAM. THE FUNCTION CGRFE
4%  CONTAINE THE COSMIC RAY FLUX MODEL FROM NRL MEMORANDUM
###  REPORT 4804 (COSMIC RAY EFFECTS OM MICROELECTRONICS,
»## PART 1). THIS PROGRAM ALBO CREATEB A FILE = OQUTFILEQ. DAT
#ut « WHICH CONTAINS THE INPUT FLUX IN THE STANDARD QUTRUT
s#%  FILE FORMAT
4 wawde MODIFICATION  sesus
+#% CRFE UPDATED 7D GIVE MORE ACCURATE FLUX VALUES.
LRI TR LIS NN I L IR I LR B RS EE SR S T R Y
DIMEMSICON ENERGYLAB)Y, FLX(QB), EPRIME(44)
DIMENSICN AMAS3(28),RIGCID(200), TRANS(200)
INTEGER WEATHER
DATA ENERQY/30C. ., 40.,80.,40.,70,,80,,100.,120..,1%0.
& 200..290’, 300.,400.,500., 400.,700.,800.,1030.,1200..
% 1500., 2000, , 2900, , 3000., 4000. , ¥000. , 4000. , 7000. . 80QO, /
DATA EPRIME/t. ,{. 2:1. %R ,2.53.,4,,%..,46.,7..,8.,10, .12,
& 18,20 .29..,30.,40.,50.,40.,70.,80.,100, ., 120.,1%0, , 200.,
&  280.,300.,400.,500,,400., 700.,800,, 1000, , {200., 1560..,
% 2000., 2¥00.,23000., 4000. ., 5000. , 4000. , 7000Q. , BOOO. /
DATA AMASE/1. 0079, 4, 0024, &, 94, 5, 0422, 10, B1, 12, Ot 4,
% 14,0067, 18. 9994, 18, 9984, 20. 17, 22, 9898, 4. 305, 246, 79919
&4 208,.08%5,30. 9738, 32. 04, 35, 453, 39, 9468, 39. 0983, 40, 08,
L 44, 9885,47. 9,50, 7419, 3L, 9964, 84, 738, 55, B47, 58, 9332,
% 8B.74/
OPEN(UNIT=1, FILE= ‘FLUXEB, DAT’, STATUSm /NEW’)
GPEN(UNITw2, FILEw/QUTFILEO. DAT', STATUS 'NEW )
A e 2T T F TN Ay
### ACCEPT INPUT DATA FROM COMMAND FILE:
e YEAR AND WEATHER ARE DISCUSSED IN CRFE
" ORAIT=Q0 FOR AIR PROPAGATION, =!{ IF GEDOMAGNETIC
" TRANSMITTANCE FUNCTION 1S TQ BE FOLDED IN
T o E T g T Y T YT T T T e S e e
ACCEPT =, YEAR, WEATHER, ORBIT
IF (ORBIT.EQ. 1) THEN
OREN(UNIT=3, FILE='GTRANS. DAT ', STATUS= ‘0L.D , READONLY)
DO J=1,200
READ(3, 20) RIQID{J)) TRANB(J)
END DO
20 FORMAT!4X, Fh. 3, 93X, F8. &)
EMNDIF
L2 U R AL el SRl st Ll gl il BTy Y YY)
###% COMPUTE FLUX AT HIGHEST 28 OF 44 ENERGIES. FOLD IN
###  GEOMAGNETIC TRANSMITTANCE IF NECEB3ARY. OUTRUT AS
ek FLUXES, DAT (HIQHEST ENERGY FIRST).
Bl e S A 2 Ak Ah e Th e T 3 b 3P b 3 eI o 30 e b3 W B T I e e e e 0 A
DO uG=1,29
Jm29—-JQ
E=ENERQY (J)
DO K=t 28
Z=FLOAT (K)
FLX(K)=CRFE(Z, E, YEAR, WEATHER)
IF (ORBIT. EQ. 1) THEN ]
L=l
RR=AMABG (K ) #*BQRT(E#(E+1863. ))/Z2/1000.
DO WHILE (RIQID(L).LT.RR)
L+l
END DO
FLX{K)I=TRANS (L) #FLYX(K)

GOOOO0ODOGO0O00

AOoOoOo0

GO0

s
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ENDIF
END DO
FLX(R8) wFlL X (R&) +FLX(RQ7)+FLX(28)
WRITE(L1, 1) (FLX(1), Iwi, &)
FORMAT(A(7LIPELO. 2) /7))
END DRQ
R S S A LI B I B A B 0 000 T B 30 I B o
##%  COMPUTE FLUX AT ALL 44 ENERGIEE., FOLD IN CGEOMAGNETIC
#4444  TRANBMITTANCE IF NECESSARY. QUTPUT AS DUTFILEO. DAT
#44 (LOWEBT ENERGY FIRST)
PSP e T R L P A S A R AT N ST R P Y PR Y AR
DO J=i, 44
EwEPRIME(J)
DD K=i, 28
Z=FLOAT (W)
FUX(K)=CRFE(Z, E) YEAR, WEATHER)
1P (ORBIT.EQ. 1) THEN
Lmi
RR=AMABE (K ) #BART(E#(E+1843. 1) /2/1000.
DO WHILE (RIGID(L).LT.RR)
Lal+1
END DO
FLX CK) =TRANE (L) #FLX (K)
ENDIF
END RO
FLA(RL)mFLA{QS) +FLLX(R7)+FLX(QB)
WRITE(2 1) (FLX(I), I=1,24)
END DO
END

FUNCTION CRFE(Z, EZ. Y, M) )

P T T T T T A T T AT R Y A ey e
#%% THIB ROUTINE RETURNS THE DIFFERENTIAL FLUX TN PARTICLES/
#%%  Maend STER. SEC, MEV/U IN THE INTERPLANETARY MEDIUM

*#% NEAR EARTH

##% FOR IONS OF ATOMIC NUMBERmZ

##% FOR ENERGY (IN MEV/U)=EZ

##% FOR YEARwY

##%  AND FOR WEATHER CONDITION=M

T

#4%  THE INTERPLLANETARY WEATHER CONDITIONS CONSIDERED ARE:

wwe Mwi, GALACTIC COSMIC PAYS (QCR} ONLY

wae M=, GCR + FULLY-IONIZED ANOMALOUS COMPONENT

##%  M=m3; QCR + 90% WORST CASE SOLAR ACTIVITY

#ae  Mwd; QCR + SINGLY~IONIZED ANOMALOUS COMPOMENT

#an MuS, PEAK QRDINARY FLARE FLUX AND MEAN COMPOSITION

sue  Mms, PEAK DRDINARY FLARE FLUX AND WORST-CASE COMPOSITION
##% Me?7, PEAKR WORST~CABE FLARE FLUX AND MEAN COMPOSITION

#a4’ Mn8;, PEAK WORST=CASE FLARE FLUX AND WORST-CASE COMPOSITION
4% MmO, PEAK ANOMALOUS FLARE FLUX AND MEAN COMPQSITION

a8 Me1Q; PEAK ANDMALDOUS FLARE FLUX AND WORST-CARE CCMPOZITION
#4%  Mm{l, MEAM ORDINARY FLARE FLUX AND MEAN COMPQSITION

sue  Mwi2, MEAN ORDINARY FLARE FLUX AND WORST-CASE COMPOSITION
##hn  Mul5 MEAN WURST-CASE FLARE FLUX AND MEAN COMPOSITION

##% Maid;, MEAM WORST-CASE FLARE FLUX AND WORST-CASE COMPQOSITION
#hn M=y, MEAN ANOMALOUS FLARE FLUX AND MEAN COMPQOSITION

ER Mmlg, MEAN ANOMALOUS FLARE FLUX AND WORST-CASE COMPOSITION
«## 2 IB THE PARTICLE ATOMIC NUMBER

%% E7 I8 THE ENERGY IN MEV/U
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#*a Y I8 THE rEAR OF THE FECTHA:
L {979, {44 = SOLAR MIN , 1980. 558 = SOLAR MAX
2L
##%  THIE ROUTINE (3 DASED OWN THE MOUDEL IN
#as  'COBMIC RAY EFFECTS ON MICRCELECTRONICS" BY
### J. H. ADAME, JR., R, GILBERBERG. AND €. H. TBAQ
### NRL. REPORT NU. 4304, AUGUST 2%, 1981, EQUATIDN HOS.
4% AND TABLE MNO3 REFERRED TO BFELOW ARE IN THE APPENDIX.
[IITLIEIY LIS LY LY PRI SRS R S LIS IR AR S ALl LR Ry Y
DIMENSION AC(3),EO(3), B(3), XL (5), X&(3),C1(D), CR(I), R(F2)
INDX(22), FR(9Z, 2), EPX{40), FRX (40)
W A3t B 63 b e e I B R R A e I HE AL I B MU M
w#%  XTSAD IS THE C. M. THSAO CORRECTION FACTOR (12/d81)
EET R YL II I E R R ARSI S LY LA Rl AL AR RISt R AR Al LYY ]
DIMENS IUN XTBAO(QE)
DATA XTHAO/. 49, 159#, 79, 3%, 38, . 47, 9+, 38, 3#. 47/
DATA IBTA0/, 1FTB/O/
Wb b 3 b e b 0 B bk B Sk 0 e 00 b B 0 0 IR AL A B b 0 S S o
#és  THEYE ARE THE COEFFIGIENTS IN TABLE 1 OF THE REPORT
Fh U0 2 e e 20005 0 0 0 0 00 D B o A - BT T b e 36 5 B A b S S B b B
DATA (AQ(1), =], 3)/-2 & -2, 28, -2 70/
DATA (EQ(I), I=1,3)/1 178ES8.7, 94E4, 1. L1ES/
DAaTA (B(1), l={,3)/2.7%: 2, 83:2. 3/
DATA (X1{1), 1wl &)/ 117,, 079, . 22, . 198, 140, . 117/
DATA (X2(1), 1=1,3)/.80,.83,. &8/
DATA (Ci(1), 1=1,3)/4. 5%2,5.0,7. 0/
DATA (GRUI), I=1,33/4..9.,8./
O bk b b AR B o o 2 TR B o b B 1 e 3 e e b e b
#w%  ELEMENTAL RATI08 FROM TABLES 2, 3,4, ANDY
AR R bR AR e B Btk b R TN B I b A e e 1 b o O 3 b A O e
DATA (R(I), 1={,28)/4.,1,,.33,.17,. 9% .023:{,,.023:4. {E-4,
3. %E-3, 7, OE~4, 4. 7E-3, 8. JE~4, 34, BE~3, @, E-4, 7, 4E-4,.07,. {3/
.09, 23,.0%9,.14,,07,.14,, 1,1, , 4 E~3: 4. BE~-D/
S0 U0 OB 0 30 U 9b 15 40 b o A A b e o O B 10 U0 B B B 930 B0 0 0 20 B 20 I N
##%  THE ELEMENTAL RATIOS HAVE BEEN EXTENDED TO URANIUM USING
#4#  THE HEAQ-3 DATA INTERPRETED WITH CAMERDN’'S ADUNDANCES
AR T E A Db 0 b A6 e o Al BT B e B 630 B0 30040 0 00 T S b O 30 B0 B ik 3 9 0 A b 3 00 b O R O
DATA (R(I1), I=2%, 9Q)/Q, E=4, 5 E=4, 4, E=5, |, RE~4, 4, E=h, 3. E~Y,
8. E-~4,3. E-3, 5, E~4, 4, E=-Y, 2, E~s, &, E=5, §, E~4, |, 5E-5,0,,2 E~4
4 4E~7, 8. E=b) | . E~7, 3. E~4, 2. LE-7, 64 E-4&: 3. 4E~7, 5. E~6, 4. E-b) 7. E=-&:
4.E-7A6.5E—b.44E—7.E.EE~6.2.5—712.E-b.O.ol.BE-b«E.E—L
1. 8E~4, 2. E~7, 2. E~b6) 2. E=7, 1, 2E~-&, 2, E~7, 1. 3E~4, 1, E~7, 7 E=7,
9 E~H 9. E~7,9.E-8, 1, E~&,8, E=7, 1. 4E-6, 2. E=~7, |, 4E~4, 2. E~7,
8. E"'?: 1. SE=~7, 0., 0., 0., Q.. 0. 10,48, E-B. Q.. .’3 E"Bl'
YT EER IR S SRR YIS LS NI AR Y LRSS AL RS I ALY
sew  [NDX ASBOCIATES EACH ELEMENT IM COSMIC RAYS WITH A BET OF
#e#  COEFFICLENTS
etk kS Tk T TR B B b 1R D Al Ak 3 e 1 kb b 3o b ol b 0 5P 30 838 1T
DATA (INDX(I), 1=i,92)/1, 1542, 743/
b h A0 b B (1ol B AL R 45 b 28 3 A o Sk B b A 3 40 3P 6 O b b g 1 B 0 A Sb R kS b I
##4 ' QRDINARY AND WORST-CASE SUOLAR FLLARE ARBUNDANCES, TADLE &
YT LT TR P LIRS L P SR RSN AR LR R AL Ll AL i
DATACCFR(I. J), 1L, 28), Juy, @) /1.0, . 002, 0. 0, 0.0, 0.0,
1. 4E-4, 3, BE~9, J. 2E~-4, 0. 0, 8, LE-9, |. &E=a, 4 BE~-Y, 3, SE-4,
3. E~5, 2. JE~7. L, BE~H, 1. 7E~7, 3. FE~4, L. JE~T7, 2, 3E~-&: Q. 0w 1. E-7,
Q.0, 5. YE~7, 4. RE=7, 4, lE~B, 1, E=~7,2 2E=-6,1.0,3. 3E-2,0.0,0.0:.0. 0,
4.5-411.1E-401.0E‘310.011.95-4»6.1E-6|1.8E-4|1.4E‘5:1‘ﬁE‘4|
1. lE~4, B. 4E-5%, 8. E~7, . BE-%, 4. E~7, 1. E~5,0. 0, %, E~-7.0. 0, 3. 2E-4,
2 3E-4, & 3E-4, Y GE-~7, !, QE-Y/
(22T RL S S22 RS R L SRS R RS R R L AT AR AT LYY L S
###% THE ORDIMARY FLARE ABUNDANCESARE EXTENDED TQ URANIUM
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wee  USTNG CAMERON’S TARLE OF GENERAL ADUNDANCES,

WSk G B e b T b A T IRt T bt e Sk P S e
DATA (FRCI 1), a9, 92) /2. E~8, 4. E~-8, 2. E~F, 9 E~9,3. E-10,3. E-F:

L E=10 R E-9 0. E~10/ 1. E-9, 2. E~10, 9. E-10, 4. E~1L, 2, E~10,

' FE-1L Q2 E~-tli A E-1L 2. BE-1L, 7. E~11,9 E=12,0 E=10, 1, 4E-1 1,
E-10Q: 6. E~-11, 2 7E-10, & E-1L 2. E-10) 2. E~1L, 8. E~11,8.E~12,
E-14,0.,1 E~11,4 E~1Q, 2, E~1{, 3. E~1, Q. E-11,4 E~12, 1. E~11,
LE-lQ R E-12, 7 E-LR) B E-{D) @ E-13, 1. E~-11, 2, E~12,3 E-{{,

CE-1Li s E-t1 L E-1L L E-1L, 9. E-{Q, L E-10, 6. E~1R,0.,0..0.,
20,0 2 E-12 0., 1. RE~1Q/

EE IR R LR ST LA LRSI SRS SRS S SRR R A Y LR LY YY)
##%  WORST GABE AQUNDANCES WILL BE EXTENDED TO URANIUM BY

##%  BCAHLINQ THE ORDIMNARY ABUNDANCES ACCORDING TO AN

#x#  ENMANCEMENT FACTCR QF 0. 222

P Y XL TYT YRR Y YL T L S E R PR Y SRR Y YA Y YT
DO 800 1=, 2

FROL, @)=PR(1,1)%0, 2241

CONTINUE

E=EZ

P T T e T T2 PR T RE L R TR Y X YRR IO
#&% THE PARTICLE MODEL ONLY GOEB DOWN TR {0 MEV

PE TR T T TR T Y PP T PR A TP Y TS AR R T ey
[F(EZ. LT. 10, ) E={0

[Zm2+ B

P T e YT T T R LT T T Y S PR Y F ST Y P PR T Py s
wex  SELECT THE MODEL ELEMENTAL BPECTRUM

FIrE T 2T Y U e F T T R T P T SRR P T YL MUY R T
I' INDK(I2)

1imla2

il

T Y T R T PR T TR SR R R Y S Y T TS
w44 EGS. 4, 5 AND & OF THE REPORT

Y T T Y Ty R S R A S AT Y R T Y T TRy T
XMuC L { D) #EXP (~XQ (1) # (ALOGIO(E) ) ##2)~C2{ 1)
FORMAT (RX, E12. 8, X, ELR, 9)

AMuAO( T # (L =EXP(~XL (I1) % {ALOGIOQ(E) ) ##B (1))
AXmAD( DI R ({—-EXP(=X{ (IJ)# (ALUQLIO(E) ##B(1)))

FMIN®1Q##XM

FMAXwFEMIN® (E/RO( 1)) wsAX

FMINSFMIN® (E/EQ(T)) ##AM

P2 IS AT NS SRS Y R YL LIRS LR RS L R ALY LS LRSI R Y LYY
w#%  ADD FULLY-[ONIZED ANOMALOUS HELIUM HERE

LI IR LT AR IR S LS RS ELYSS R E LS YL LY )
IF((M. NE. 2). R, {(1Z. NE. 2))Q0T0 10

IF(E. LT 20Q. )FMIN=, 4

IF(E. LT, 300. )FMAX=. 00

CONT INUE

I I T REEETEES A S L ISII R LSRR DAL LIRSS SRR LA LY YT ]
##4 DO THE 90Y% WORST-CASE (Il E. SOLAR MINIMUM AND LOW ENERGY
w#e  GTUFF, EQB. {1 AND 12

YIRS TE YRR Y YRS L AL EIR RS AL IS R 2 XS XY )
IF(M. NE. 3)Q0TO (&

IF(E.GT. 100, 16070 19

IF(T.QT. 1H)6QTO 11

FuFMIN®(1HF7#+EXF (~E/ 9. 4b)+1. hd)

CUNSLO L

Q0Th 20
FaFMIN®(Q8. A4EYP (~E/13. 84)+1. &4)
Q0T0 20

F=FMINe]l. &4

QOTO R0

P XTI EEZLTL LIRS AL LA RIS S 22 a2 22 s X2 2 Y 2R
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s##  PURE CGALACTIC cOSMIC RAYS IN YEAR Y, EQE 1, 2 AND 3

(12T TSI IS RIS L AL LIS YIS LIRSS ST T LYY EY Y
AXw. 3% (FMIN-FMAX)

OXm. e (FMIN+FMAX)

W, 374 #(Y=1990. &)

FoAX#S IM(WI+DX

Bk A AR R U IR 00 4k b B 0 b b e 3k B U ST 30 0 TP 0 P DA N A 0 O b b b b b b b B 3 B
##+ DO LI, BE, AND O: EQ. 7 AND TABLE 4

e 3 b e A o T B o 3 0RO 90 b 2 o b b ok b Sk b B e b S 6N 3 o 0 A O A e
IF(CLZ LT, 2).0R. (IZ, QT. 3))00TD 30

IF(RE, ¢T. 4000. 1Q0TO 25

Fa, 0142%F

Q0T 30

FafFa(, &7#E4w (= 443))

Ly Y Py gy Y Ty R IR P T T T Sy v e
##% DO NITRQGEN: EQ, 8

LY T Ty ey T X e TR Y P T Y Y L Y
IF(IZ. NE. 726070 40

FuF#{, 00L4#EXP (-, 4% (ALOGIQ(E) =D, 1D)#42)+, QUBLs

EXP (=, 9% {ALOQLIO(E)~, B)##2))

NI b A U 3 0 O 0 A 0 00 O 000 I AU 30 048 e b A 3 9030 0 BT b 4 B A 4k 43
##% ADD THE ANOMALOUS FEATURE TD NITROGEN, &4, 19

LI N YT Y I T R Y Y E A T YT R Y TR T ey
IF(M.NE. 2) GQ TO 45

FTm(l, J4E-R)4EXP{~(ALOQ(E) =1, 75 w2/  7)

IF(FT. GT. F) FwFT

Q0 TO 4%

T Y R T O R AT S T T ST
##% ADD THE AMOMALOUS FEATURE TO NITROGEN, EQ. 14
T T L e Ry S TR ey e )
IF((M, NE, 2). OR. (I2.NE. 8)) GO TO 4%

Fim(é OE-R2)#EXP (= (ALOG(E)=1, 79I %42/, 7)/. 023

IF(FT. GT. F) F=FT

[ LY Y R L e T R e e e A e T T T e S Y P
wie DO THE SUR-TRON NUCLEI, EGS. % AND 10

L Y P AT P e L TR T L TR T ey
IF{12. EG. 20)QDTO %0

IFCCIZ LT, 17).0R. (1Z. GT. 2%))G0 TO 90

FuPu(ld #(], ~EXP(~. |Q4%E#* 4))#Ex% (=~ 033))

CRFE=R(1Z) #FuXTBAD(TIZ)Y

b O e b ot e T kb 3 TR o Ok bt e b b e B 3 S 3 A A G e 3
### IF M Q7.4 ADD THE CONTRIBUTION FROM FLAREG

EZ IR AL RRTE LTI R RS E L SR IS LALE IO LA LY LY S S YL
IF{M.QT.4) Q0 TD 1¢0

A g Ak T A b A Vet 2 10 e e O Bk o b b b b e T B T A6 e AE 36 3 3 A b Tk S S 3
%% THIB COMPLETES THE COSMIC RAY SECTION, RETURN

(I 222X eSS R TR RSN Y RSN AL LTS S R YL E LY L Y Y
RETURN

ol b b b 0 A A 30 1k 1 B e 30 0 0T B O B A 0 b 2 e e 4 b b b b 6 3 0k o 60 b ok O i N
#%% THIS SECTIUMN RETURNS SOLAR FLARE ENVIRONMENTE

T

#4%  CONYSTRUCT FLARE CASE INDEX, MK, AND MHEAVY ION ENRICHMENT
##4  INDEX, WK

EZ 2L RIS E YL EI ST R R LIS LIS L ARSI 2SR YY)
Ml m (M) )/ Q=2

THwM=2 % (MA+1)

CRFE=Q. Q+CRFE

[ZL LT RTITRLL AL RS A RS AR AL YRR LR LR LRl RN L
##4 BRANCH TO THE FLARE CABE

(T2 2T ETTTS LRSS LSS S Y LSS LIRS ISR A2 RS LAY RIS XY YY)
GO TO (110,120, 130,140,190, 140): MK
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B e D Tk o oo B b 3 T kA 1 S dE AR 38 b b 0 b AR TR I b et 3 B bt 6 9 3t e
“#% ORDINARY FLARES

[T T RSE PSR LE SEAAEST Y RSN LAY SN I YL LT T AL AR BTN E )
IF(E. QT. 1000. ) GQ TO 200

Ful{l GAE+4)#{EXP(~E/R7. 8)+173. «EXP(-E/4.))
CRFE=FR({1Z, 1K} +F+{RFE

RETURN

LI 22 R e S eR Y B LS PRI AL LTI LRSS RS AL LYY Y
##% 90 PERCENT WORST-CASE FLARES-PEAK FLUX. EQG. 22

A IR IE A 2 I A 10 IR AR I T A I A
IF(E. GT. 1000 ) 6O TO 200

Fu(l. 7ZIE+3) 4 (EXP (=E/Q4. 5)+43, #EAP (=E/4))

CRFE=FR(1Z, IK)*F+CRFE

RETURN

Fe bt Wb b 40 T A0 3 0 b b S U e A 0 A B b b kb b O Ok A 0 0 O 0 b 0 0 o i B A i B o 90 N
###  ANOMALOUSLY LARQE FLARES-PEAK FLUX EG. 24

b U A e 0 3 B A Ak A e B A 3 O B AR b e 96 T I 2k W A 30 b A A o b b B0 O 6 b b 3 16 B B O A A N
PRaEQRT{(, QOL#E) »uQd+ (], BAE~3)+E)

EX=E+, 01

PRXuSART{ (. QOLREX ) w«Q+( 1. B4E~T)#EX)

DPDE=({PRX-FR)#10Q

IF(E, GT. 180.) <O TO 13t

Fw(9, JE+)#DRDE4EXP (-PR#10. )

@0 7O (32

Fm(i, 7HE+5) % DPDE#PR## (-, )

CRFE=FR([Z, IK)#F&CRFE

RETURN

B 0 o b A A S Sk A A I U A T 0 U0 0 A b b 0 B 0 S b B A R
#a#  ORDINARY FLARES-MEAN FLUX, EQ. 1%

P30k b b B A Tt B B 3 1 A e b o B e b O T 3 3 0 b B O b B T 32 b P00 b 06 O 0 0 6 8 Bt B
IF(E. &T. &00. ) GO TO 200

Fa(3. JE+F)#(EXP(~E/20. 2)+307. 4EXP(-E/3. })

Faf/3d, 2E+8

CAFE=FR{1Z, IK)#F+CRFE

RETURN

O bt ok otk b S A e T N e e Ik b A b b e e A e b b A U e 3 B o B b e 2 b 0 0 b o
#4450 FERCENT WORBT-CABE FLAREGB-MEAN FLUX. EQ. 20

LTI TR LS LIS ELE 2R LY AS IS S R AR I LTI A YY)
IF(E. GT. 1000. ) G0 TA 200

Fa(7. 6E+9) 4 (EXP{~E/30. )+149%EXP(-E/4.))

FaF/3. JE+Y%

CRFE=FR({12, IK)#F+CRFE

RETURN

b o ok A Ao o b A U 2 30 N A b b S 1O b e 3 A 0 A6 2 S B 0 20 T 40 30 b 0 0 0 e K T
##%  ANOMALOUSLY LARGE FLARES-MEAN FLUX, EGQ. 23

F B b 4 b A0k e b A b O ST b TN L e ST dh Ik S
IF(E. GT. 1000.) 6N TO 200

Fu(Q 37E+11)#EXP ((30. -E)/246. 9)

FwF /2, QE+Y

CRFEaFR(IZ, IK)#F+CRFE

RETURN

[T X ERET LIRS PRSI L S R S L R L SRS AL LRl B RS RS L L
a»%  THIG ENTRY RETURNG THE ORDIT-AVERAGED TRAPPED PROTON FLUX
wes AT THE SKIN OF THE BPACECRAFT. THE FLUX I8 INTERPDLATED
»##  FRUOM THE TABULATION IN THE STAS3, DAT FILE

A T TR TR Wtk A 0 eI e o ek AR 0N R UL B B e
ENTRY PROTON(EZ)

IF(I8T. €6, 1) GO TO 04

18Twi

OPEN (UNIT=10, READONLY, SHARED, BTATUS=/‘0LD ', FILE~ 'STAES. DAT ')
Imi
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pttasyd

READ < 10, 202, END=Z03) EPX(1), FPX(1)}
207 FORMAT(1X, Fa. 1, 1%, E10. 3)
FPX(1)m755775, «FRPX (1)
Tui+i
! 50 TO 201
3 203 IPTSmny
204 DO 208 I=a IPTS
IF(EZ. GE. ERX(1)) 60 T0 208
ISAVeI
GO TO 204
209 CONT INUE
PROTUN=O, 0
RETUAN
PROTOM= {FBX ( IBAV)-FPX{ L8AV=1) ) % (EZ=EPX (1SAV=11)/(EPX (I1SAV)
' #=ERX(THAV=1)) +FPY (18AV=1)
: RETURN
END
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PROGRAM RANGER
(X2 IITE RITL RS LSS IAS LISl LS SIS RIS EIERS YY)
### THIS PROGRAM COMVERTS A RANGE. DAT FILF INTO THE
+#% RANGIN. DAT FILE NEEDED IN MATTER PROPAGATION
*#%  THE RANGE. DAT FILE IS OBTAINED USING TRANSFER. FOR
«## (ON RANGE-ENERGY TABLES GENERATED BY J. ADAMS.
#%% THE STPOW. DAT FILE IS5 ALSO NEEDED - IT 18 GOTTEN
#x#% [FROM STOPPING POWER TABDLES USING TRANSFER. FOR
L2 L 2R RiL L SRR R I 2 s Rl s st o sl XY BT Y X2 L)
DIMEMS ION C(4,434),5(4,44),868(44),EP(2b, 44), E(443)
DIMENS ION ZA(Zh), IB(RE), (ACR4E), IB(26)
DIMENGION EG(25&. 44)
DATA ZA/L. ol , %6, , 10%8, , 3#18, , 26. /
DATA ZB/1..,2. ,4%6, , 248, , (0#{8. , 3426,/
DATA TA/L; 443, 2%3, 10#4, 0«8, &/
DATA IDB/1, 2, 4«3, 244, 1045, B4/
QPEN(UNIT=], FILE= ‘RANGE. DAT‘, READONLY, STATUS= QLD ")
OPEN(UNIT=2, FILE=/'STPOW. DAT ', READONLY, STATUS= QLD /)
OPEN({UNIT=7, FILE~'RANQIN. DAT ', STATUS= 'NEW’)
(2222 RIS A TSI LTSRS LRI IR R LI S R IR I YL Y
##% READ IN RANGE DATA AND ZERO QUTPUT MATRIX
LA L A2 NI LI LIt I Il s iR Sttt Yyl Tyl ty)
DO 10 J=i, 44
READ (3, 1) €4V, (T, J), I=L, &)
FORMAT(FB. 3, 8(3X, {PE?. 3))
DO I=1, 24
EP (I, J)=Q.
END DO
END 0O
L2222 2SS R PRI LR R LIS LAY PSS LSRR TSR YT 2T
##4% FIND ENERGY CORRESPONDING CURRENT PARTICLE ENERGY PRIOR
##% TO PASSBING THROUGH 1 GM MATERIAL.
(LIRSS Y M LI IS ST R AL BRI AL LYY LYY YT
DO J=1, 26
ZH=ZEB(J)
ZL=ZA(J)
ZaFLOAT (J)
IL=TA(J)
IK=T1B(J)
DO K=l. 44
IFCIM, EQ. ILY S(L, K)mCCIL, W)
IFCIHNE [L) SOy RIsZH=-20#C( IL M) «(Z=-ZL)«C IR, K/ (ZH=~ZL)
SS(R)=8(1, K)
FND DO
CALL CUUYSPL(E, 5.44)
DO K=1, 44
R=SE(K)+1,
DO 40 IK=WK, 44
IF(88(IK). GE. R} GO TO 50
END DO
IRl
EH=E( IK+1)
EL=E(IK)
DO AW=1, 10
EE=. G# (EL+EH)
RR= ((S5(4, IK)#EE+S(], LKY)#EE+5(2, 1K)} #EE+S(1, IK)
IF(RP.LE.R) EL=EE
IF(RP. GT.R) EH=EE
END DO
EP(J, KW)m, 3%(EL+EH)
END DO
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END DQ
L Ry e N T S R TR AT T Y Y X
+## READ IN STOPPING POWER DATA
P T L L R Y s e Y S TN AT LYY Y T
DO J=l, 44
READ(Q, 1) E(J) LCLL, U), 1=l &)
END DO
LYy R T e R R R SR AR T L E T T T e R R e Ry
*##  FIND RATID OF STOPPING POWER PRIDR TQ 1 GM MATERIAL, TO
+## CURRENT STORPING POWER. THIS FACTOR ACCOUNTS FOR ENERGY
#%# INTERVAL GPREAD IN COMPUTING DIFFERENTIAL FLUX
LA I AL RS L AL AR SRt I ad et i 2 I RS LIS TS L Y L2
DO J=1, 26
ZHmZB{J) #a2
Zl=ZA(J) w2
ZaFLOAT (J) #nQ
IL=1A(d)
IH=IG(J)
DO WK=i, 44
IF(IH. EQ. IL) 8{1, KImC (Il K)
IF(IH NE. IL) S K)m( (ZH=Z)#C{IL, K)+(Z=2L)#C(TH, K) )/ {ZH=2L)
SS(KImB{1, K}
END DO
CALL CUDSPL(E) S/ 44)
DO Kmi, 44
R=EP(J/ K)
DO IKK=1, a4
k=4 5-THK
IFGECTIK). LE.R) GO TO 180
END DO
RR=((S(4, IK)#R+S (3, IK} ) *#R+5(Q, TK) ) #R+B (1, TK)
EQ(J, K)=RR/S5 (R}
END DQ
END DO
LI L IR PR P R R P R TN AR I EE TR RN Y Y T SR Y Y
###  QUTPUT ENERGY PRIOR TO .1 GM OF AIR
AN AU ST DI J B IR0 AR 00 3000 00 36 30 30t 4 20 30 3036 3 0 90 0
DO K=1.44
K=l 5~K
WRITE(7,2) E(R), (EP(J,K), U=l 24)
END DO
L R B L 2.1
##4#  QUTRPUT RATIO OF STOPPING POWERS
LR A2 SRS UL LI LA S Il Sl d R S st L I LYY Ll
DO K=1.44
WRITE(7, @) E(K) (EQ(J, k) J=1, 2&)
FORMAT(4(7(1PELQ. 2)/))
END DO
END
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APPENDIX 4

PROGRARM POWER

B A T T R Ty e T Y L e Y T
wxe  THIS PROGRAM CONVERTS A STPOW. DAT FILE INTO THE

w#* POWIN. DAT FILE NEEDED IN MATTER PROPAGATION. THE

w## FILE BOURCE3 DAT (AN ISOTOPE LIGT) 18 ALSO REGUIRED.

#as  THE 3TPOW. DAT FILE IS OBTAINED USING THE TRANSFER. FOR

»«# PROGRAM ON STUPPING FOWER TABLES CREATED 3Y J. ADAMS
T R E e R T R AR S ST T L ST L S R e
DIMENSION W(23,104),E(28),DE(2B), C(4, 28)

DIMENSION 12(104), IAC104),21(24), Z2424), [1(28), [(R6)

DATA Z1/1., 4432, , Q%6 , 1048, , 8+18. , 26, /
DATA (271, 2. 4w, 243, 1018, , B#35. /
DATA 1171, 42, 223, 10%4, 843, 6/
DATA 27102, 443, 244, 10#5, 8vb6/

OPEN(UNIT=!, FILE='SOURCES, DAT’, READONLY, STATUS=‘0QLD ‘)
OPEN(UNIT=R, FILE= 'STPOW. DAT’, READGNLY, 8TATUSs/0LD ")
OPEN(UNIT=4, FILE=/POWIN. DAT', STATUS= ‘NEW ')
LTI TS RIS ST IR LS ALY PRI L L LY LY Ll Y Lo LYl
###% READ IN ISOTOPE LIST
o A3k b A A b B 0 o 3 39 3k A e B b 30k 3 et b e Sk B e b 3 S 2 B b e 2 U N S 3 B 3
DO Jwi, 104

READ (1, 1) IZ(J), TACY)

FORMAT (13, &X, [3)
END DO
B0 b b e Mol b S Th S e Y b b 4 2 38 b b S b b A 3 B 1 e b db Db 36 3 3 o b 30 3k Bh b b Bb 3 36 b 04 2 4k 11 40 3 20
#%t READ IN STOPPING POWER DATA IGNORING 1é& LOWEBT ENERGIES
PTTTTOR SIS TS S SRR LS AL LSRRI SRS RIS SRS S s L L)
DO Jei, i&

READ (2, 2) 41,Q2,Q3, 64,85, 65 a7
END DO
DO J=i, 28

READ (2 2) E(J), (C(I,J), 1w, 6)

FORMAT (F8. 1, 1P&ELZ. 3)
END DD
b b A0 A 00 0 28 ok 0 O o o b o ke A e bl i e o B b B 4 30 3 3 F B A b S Db B B b 3 2 b 3 4 b 3
##% DETERMIMNE INTERVALS BETWEEN ENERGIES
EX TSRS LTS E LRSS AL RS SERE LS L A RS SRR E Y S L LR L)l
DO JJui,d7

JuiB=JJ

DE(J)=E(J+1)~E{)
END DO
DE(Q8)=1i000.
B Y T Y LT L L L L LI e e S T T LYY
%% INTERPOLATE STOPPING POWER TARLES TD ALL ISOTOPES
PRV PRI AR TR S S ST R B TR R T ST ¥ F R TR
pO J=1, 104

TelZ (M)

TH=ZR2(1)##2

AR FARESE L ]

ZwFLOAT (1) 3

IH=12(1)

IL=Ii(D)

DO 100 kwi, 28

IF CIH EG. IL) WK, 0)=COIL, K}

TF CIH NE. IL) WK, JIS((ZH-2)#C{IL K)+(Z=ZL ) *C(IH, W)}/ (ZH-ZL)

WK JImW(K, J)/TACY)
END DO
[RFER R T T T T e e TR Y ST AT T T T T TR LT T LSRR
##% QUTPUT STOPPING POWER TABLES TO POWIN. DAT
[ R T T T T T T T T T T ST T T Y FE R A R Ry
DO JJ=i, 28

JERP-JJ

WRITE(4) 4) E¢(J), DE(J): {W(J K) i Kei, 104)

FORMAT (FB 1, BX, F8. 1, {3(/B(1PES. 2)))
END DO
EMND
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APPENDIX 5

PRQGRAM APROP
EEIT IR A A TSI I Y R AR S AL PRI L LR RS L LS AL AT
s#e THIS PROGRAM PROPAGATES A PARTICLE FLUX TAKEN FROM
##%  FLUXES. DAT THROUGH A PATHLENGTH OF GRAMS gm/cm#«Q
#ed  IONIZATION LOS8 IN THE LAST GRAM IS POSTPONED FOR
##4 THE PROGRAM GRAM. FOR
P NIRRT I EE R LYY S ELY P P L A R R T R R
DIMENSION F(250, 104),FL1(2430,104), FL2(104),FF(26)
DIMENSION FB!104),R(104),8P(24),8(104)
COMMON/ALA/PINC104), POUT(104), IZ7{(104), IA(104)
COMMON/BLK/Q(104,104)
COMMON/CLK/SDEX, RDEX, RP. EMAX, DX
A A B 3 A6 1 B 30 00 Y U S IR 3 O U T 2 00 O A 0 N 0 0P O 0 e B A S b b B I 0 A 3 Ak 4
#%% DATA STATEMENT DEFINES TREATMENT OF HIGH ENERGY PARTICLES
*#% AND PATHLENGTH STEP, DX.
w#4 SDEX=SPECTRAL IMDEX AT EMAX
»»e RDEXmRANGE ENERGY INDEX AT EMAX
##%  RP=PROTON RANGE IN AIR AT EMAX
#%4 EMAX=HIOHEST ENERGY TREATED EXPLICITLY. BEYOND THIS A
L 2] POWER LAW BPECTRUM AND APPROXIMATE IONIZATION LOSS
*e ARE USED.
B H A I S eI T3 e A 0 0 A 0 b b 0 00 B A A A A e 0 2 0 S b I
DATA SDEX, RDEX, RP, EMAX, DX/2. 5, 1., 4 089E3, 8000. .. 1/
B3 30 A A e A 2 TR b A b e 0T b 3k b 36 b 3 b Bk b i 3 3 0 30 33 3 26 63 36 b I A I 3 I 2 I
##+ ACCEPT PATHLENGTH IN GRAMS. NOTE DIMENSIONS OF F AND FL1
*#%  MUST BE AT LEABT F(IGRAM, 104),FL1(IGRAMM, 104).
3 A 3 0 b Ak 28 e B 0 b b b 6 2t B 38 1 1 3B 3 3 3 A 6 N A 1 I e N e N
ACCERT # GRAMS
IGRAM= INT( 10, »GRAMS)
IGRAMM= IGRAM~10
0k 3ok o b 40 330 3 1 3 b b B A A B A b3k O O T3 U0 0 b U0k e 0 3 e b e b b b b M
###% READ IN DATA ON ISOTOPES TO BE PROPAGATED FROM SOURCES. DAT
#%«  AND STOPPING PQWER INFORMATION FROM POWIN, DAT
T Y b 4R 2 A U b A o SE AR A ko eS0T e A0 0 0 e 0 e B B b 36 b e 3 H W
OPEN(UNIT=1, FILE='SOURCE3. DAT’, READONLY, STATUS='0LD"’)
OPEN(UNIT=4, FILE=‘POWIN. DAT‘, READONLY, STATUS='0LD ‘)
DO Jai, 104
READ(1, 1) IZ¢4J): TACD), P(J)
FORMAT(IQ, @X, 13, 32X, F&. 3)
DO W={, TGRAMM
FL1 (K, J)=O,
END DO
END DO
(I FS T ERTY YRR A TR N R e e R ST R Y ST TR R S T NS
#%% SET UP CRDSS SECTION MATRIX (FRAGMENTATION OF NUCLEI)
Fe Ytk e B U AR B N M NN BN R A TR 0 e A e
CALL AIRMAT
CPEN(UNIT=2, FILE=FLUXES. DAT’, REARGONLY, STATUS~ ‘OLD ‘)
DO Iw=l.,20
AT W b U AE T B e o 2 10 B 3 o A T N A A 0 A 0 e B e 0o 3
s#w READ IN ELEMENTAL ABUNDANCES FROM FLUXES. DAT AND CONVERT
#xe  INTO ISOTOPIC ABUNDANCES USING APPHOXIMATE [SQTORIC
#xx FRACTIONS P(104) FROM SOURCED. DAT.
Fk Pt RS B N T L B B TR AR R A AR I e 2 ok A R
READ (& @) (SR(K), Kwil, 26)
FORMAT(4¢7 [ LPELO. 2)/))
DO K=1, 104
IZZnIZ(K)
S(KI=aSP(1ZZ) %P (K)
FL(K) =8 (K)
DO J=mi, IGRAM

o e ] it
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Fed, kim0
END DO
END DO
T T R Y Y L L e e 2 Y R e L LY R Y L2
#aa  SET UP IONIZATION LOSS VECTORS
LR T T LI e Y A L e e SR e L T L AL AT R YL
CALL ILOS8
L LT R YR T T YR Y LYY P L TR TR Y ST YT Y T AT R Y Y
##%  FRAGMENTATION AND IONIZATION LOSE FOR ALL BUT LAST GRAM
SN A Ok e 3 A e B A A e OR300 A0 00 I O 0 A0 A 3 e S0 S b S 0 B O 0 O b kA B B B
DQ J=i, [GRAMM
DO KAmi, 104
FBOAA) P INCKRA) #FL L (J, KA) +PQUT (KA) #FLQ(KA)
END DO
DO HKAm=i, 104
DO KBmy, 104
F{J KA =B (J) KA) +A (KA, D) #FB(KB)
END DO
FL2(KA)uF (J, RA)
END DO

END DO
R DA J AT 000 D00 00 00 000 0 30 A 3 0000 00000 0 0 A0 A

#%%4 BET UP BOUNDARY CONDITIONS FOR NEXT LOWER ENERGY
LI P R R T P e e e e S R R AL F Y Ry Y
DO Jwi, IGRAMM
DO Kawi, 104
FLL (Ui KA =IECJs KA
END DO
END RO
IR T A A A A 4 S0 T A B0 30 T4 0 AR 00 A0 B 0 T 1000 000000 0 0 B
### PERFORM FRAGMENTATION ONLY FOR LAST GRAM
St U 30O B A 30 A I I 0 30000 00T 00 A DA 0 44 D0 A 3
DO J=mIGRAMM+{, IGRAM
00 KAmi, 104
DQ KDw=i, 104
F{Ji KA)=F (J) KA) +Q (KA KB »F (J=1, KB)
END DO
END DO
END DO
T T R e T e R ey Y e e
a#%  PUT SUM QVER ELEMENTS INTO FF(264)
B At e I e b dF 4 £ A A e 30 o 0 3o B b3 b e 38 A A 6 3 b 3 e A 0 NN B B A e e
DO Jiwi, 2&
FF(JZ)mO.
END DO
DO W=1, 104
12ZmIZ(K)
FF{ITZ)mFF(TZZ)+FCIQRAM: K)
END DO
S b B b oA B b o T b 3 ot A T b W b A b o 0 1 b B 0 9 b 30 S B b e B e B b
### QUTPUT RESULTS FOR CURRENT ENERQY
e 3 b e e U S T A A 0 b e 00 0k 6 o b U e b T A B S 3 e A %
WRITE(10,93) (FF(K).Kei, 2&)
FORMAT(4 (7 (LPELQ. 2)/))
(2T LRE LSS S S SR L R SR LRSI LI I LY
### PROCEED TO NEXT OF QB ENEROIES
(A2 2L RIS RS RII Rl land Al ll sl gss)

" END DO

END

O ey
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SUBRQUTINE AIRMAT
Ly Yy T TPy T R ST AR Ry e
#¥%  THIS SUDROUTINE SETS8 UP THE CROSS SECTION MATRICES
Y Ry T ST R T T S T L R R ST vy Y
QOMMON/ ALK /PINCLO4), FOUT(104), I2(104), IA(104)
COMMON/BLK /G (104, 104)
COMMON/CLK /8DEX, RDEX, RP, EMAX, DX
DIMENSION IQ(104)
Y Y T T L T T T T NTE Y ey s )
#4% READ IN PARTIAL CRDSS SECTION DATA FROM Q. DAT
Y T T T Y N T LI e S L T ¥ Y
OPEN(UNIT=3, FILE="G. DAT ', READOMLY.: STATUB='OLD ")
LO J=i, 104

READ(3, 1) (IQ(I), =y, 104

FORMAT(L X/, &(2014/))

DO =4} 104
Gl I, J)=FLOAT(IG(I))
END DO
END DO

LTI EIIERI LAY SEL IS ST LY L L LA T ALY SIS LY LYY 2
#a% REPLACE CRUOSS SECTIONS WITH RECIPROCAL MEAN FREE PATHS
ITELI YR IIT IR YR L SR RSN E LIS LSS AL LTI LRSI RIS YY)
FAwS, 978E=4/14. 42
DO Jmi, 104

DO I={,104

G( L) mEA+DX#Q( 1, J)

END DO
END DO
B30 AR o I b 3k T et S b 3 o b b 0 kA A 40 1B FF e Bh 363 S I B 0 ke e g O A S 3 AL b el 2
#x#  [NCORPORATE PROTON~NUCLEUS TOTAL INELASTIC CROSS SECTION
Wb ok b b Ak sk B b 3 b 3t Hb b I B T b e B ok e B b bk b 4 0 40 0 3k I B A b 1 b N
Clm, 79%#44, Fuid, wu, 7
Cadm, 21444, F#lH, wn, 7
G(l 1wl +Q{1, 1) ~FARDX#(CL1+CR)
2R ITTRIITSL PR PSS RS AL AT LA LS IISS SRS SRR LY Y S LY LYY
###  INCORPORATE NUCLEUS-NUCLEUS TDTAL INELASTIC CRQOSS SECTION
tZZITT RIS IIL LIRSS SRS BRI II I YY RYLL Y
DO J=2, 104

Clm, 79%(IA(J)#%, IDD+14, #4, 333~ 4)#ed

Cam, 1% (TA(U #, 330+16. ##, J3D-. 4)#»2

Q{Js J)iml, +Q(J, J) =49 SB#FA%DX#(C1+CA)
END DO
RETURN
EMD

SUBROUTINE ILOSS

B S e b o TR b b b 10 b e e 36 3 A TE b N k3 3 3 ok TH Ak b b o 3 10 000 3 3 Ok b0 30N B0 3 39
we# THIS SUBROUTINE SETS UP THE IONIZATION LOSS VECTORS

T T YRR LSRR SRR SIS SR AL L LR RS ST R Ll AL R L L R
COMMOM /ALK /PTH(104), POUT(104), IZ(104), [A(104)

COMMON /CLIK/BDEX, RDEX, RR, EMAX, DX

DIMENS [ON WL (1D4),W(104)

(TR XIIL AT ALY RIS S SRS R R XYL AL R R X Al a2 Ly )
s## READ IM 3TOPPING FOWER DATA FROM POWIN, DAT (FOR CURRENT
##%  ENERGY ONLY)

T2 22 R LIS SRS SRR SRR YRR L 2 SRR RS AR Y S R L
READ(4, 1) E,DE, (W(J), Jmi, 104)

FORMAT (F8. 3, 5x, FB. 3, 13(/B(IPEY. 2)))
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A o W T e U A S MR RN T RN BB BRI R BRI REERRR BB S
% CALCULATE IONIZATION LOSS VECTORS USING HIGH-ENERQY
##%  APPROXIMATION IF ENERQY = EMAX, QR DERIVATIVE
#4%  APPROXIMATION AT OTHER ENERGIES.
APk A3 2k et 1A A 0 S Ak 0% 30 9040 0B 18 A b A AR TNk A A 0 08 0 e 0 O e B Ak b 0 A N B O O o
DEX=((SDEX=~1. ) #RDEX+1. )/RP#DX
DERw1, /DE
EM=EMAX~-. 09
IF (E. LE M) THEN
no J=~1i, 104
PIN(J) mll ¢ J) #DER#DX
POUT(J)n1. —W(J)#DER*DX
END DO
ELSE
DO J=1,104
PIN(J) =0,
POUTYU ) mi, «FLOATCTIZ(J) ) #a2#DEX/FLOAT(TACU))
END DO
ENDIF
o340 A S B b b b3S A UG A IR0 0 2 10 0 00 0 B 30 3 B 90 e O Jo e B b S 4 A A B e O I
##4% STORE BTORPING POWERS FOR CURRENT ENERGY IN WL(104) FOR
#4% USE A8 'PREVIQUS' S8TOPPING FOWER NEXT TIME ARDUND
HAE e 0 U e e Y e S B Al S AT S e e b S0 000 b S 0 b e b B 3 O 0 4 B S
RO Jsi, 104
WL(J) = (J)
END DO
RETUAN
EMD
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PROGRAM GRAM
B e 3 0 I e b B S A 30 30 b 30 b bk Ok P B A T 00 b b W N
#%% THIS PROGRAM CONVERTS PROFPAGATEE THE DIFFERENTIAL
wuw  ENEAQY FLUX THROUGH 1 QM/CM##2 MATERIAL TAKWING INTO
##%  ACCOUNT ONLY IONIZATION LO83. IT ALED EXTENDS THE
##% MINIMUM ENERGY DOWN TO {1 MEV/AMU,
Ok 00 90 00 90 00 O b b S 30 b i B S b B A b 30 ok S I A e Sk S 2 b B A A A 0k D 3 90 e 2 O 4
DIMENSION FINiQ4&, 28), FOUT (26, 44), E(44), EP(264, 44)
DIMENSIQH F(4,28), EN(28), EQ(26, 44)
Ak O S I e 00 O b b o B o b b o S b A 0 3 S e 30 Tk b b A S B e O 00 3 2 e o
##%  READ IN FLUX FROM FOROI10O. DAT
130 3 3 b S S St A o e b 3 3 S A b 36 b e I A6 382k T O 3 T 9 e A B A0 b o e
DO Ilmy, 28
[w@F-11
READ (10, 1) (FIN(J, 1), Jmi,26)
FORMAT(4(7(LPELO, 2)/))
END DO
AR b A A 00 0 0 DI 3 S 000 3 3 A0 0 0 00 A 0 0 0 00 0 00 0D O 30 0 2 2
###  READ IN TADLES OF ENERGY PRIGR TO 1 GM AND ENEROY
#%# INTERVAL BPREAD FRQOM RANGIN. DAT.
e 4 b 4 S A I b BV b 0 H T 3 T I U AR T O U S O B S I
OPEN(UNITe?7, FILE='RANGIN. DAT’, READONLY: B8TATUS=‘QLD/)
DO Iw=i, 44
READ(7, 1) E(I), (EP(J) 1), Umt. QL)
END DO
DO I=1, 44
READ(7: 1) E(I), (EQ{J, 1), Jui, 2b)
END DO
DO =1, 28
EN(T)=E(I+14)
END DO
DO J=i, &
DO Kmy, 4
F{K, JImQ,
END DO
DO I={,Q28
F(1, I)=FIN(J, 1)
END DO
CALL CUBSRL(EN.F, 28)
DO Im1,4
F(I,£8)uF (I, 27)
END DO
DO 1=1,44
ERmER(J, I}
DO KKei, 28
K=aQP-KK
IF(EN(K). LT, ER) GO TO 90
END DO
FOUT(J, D)ol (F (A, KIHER+F (I, K I#BR+F (2, K) J#ER+F (1, K} ) #*
EQ(U 1D
END DO
END DO
R F T IR RTT L LSRRI E L S R RIS AL S Y ]
##%  QUTPUT DIFFERENTIAL FLUX IN FINAL FORM
LTI R TIPS LTI SIS Y R LS LS L R Y LI ALl LI LY

DN U=y, 44

WRITE(Q0: 1) (FOUT(L. J). Inl, 26)
END DO
END

i1
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PROGRAM ATMOS
R Y Ty Y Ty Y Ty Y e T X S T T P T T vy ¥ )
##4  THIS PROGRAM CONVERTE DIRECTIONAL FLUXES ("QUTR") AT
wan DERPTHS OF O, 5 1% 30, %0, 7%, AND 100 GM/CM#x2 1IN
##% THE ATMOSPHERE AND INTECRATES THEM DOVER ALL ANGLES TO
4## GET THE TOTAL FLUX., BOTH GECOMAGNETIC CUTQFF AND THE
#%x INCREASED GRAMMAGE AT NON=-VERTICAL DIRECTIONS ARE
w44 INCLUDED.
### [NPUT FILES ARE NAMED AFILE]l THROQUGH AFILE?7
P T T T L ERT e S R R T Y T X SRR S T
DIMENSICON F (24, 44)
COMMON/ALK/E(34), C(7, 26, 44)
o 30 e T A B bt A b S b b i e U b 3 B N A b 0 S A NN b A S e b e %
#%#% ENTER ALTITUDE AND CUTQFF, CALCULATE GRAMMAGE.
Ly N Yy Ty E Yy E YT Y Y TR YTy Py
ACCERT #, ALTITUDE, CUTOFF
CUTOFF=CYTOFF/10
CALL ALTGRM(ALTITUDE. GRAMS)
Ry T o Ty Y Y T E T Y R T C Y ey ey
*#% ACCEPT FLUX DATA
B e 0 A A 00 2 30 A 80 0 A T BB B S 06 A A 03 B0 b 300 00 0 O B e B 0 8
OPEN(UNIT=Y1, FILE«‘AFILEL. DAT/, 8TATUS=/0LD*, READONLY)
OPEN(UNIT=22, FILEw'AFILE2, DAT ', STATUS=/0OLD /, READONLY)
ORENC(UNIT=R3, FILE=/AFILES. DAT/, STATUS=a/0OLD ‘, READUNLY)
OREN(UNIT=24, FILE='AFILE4. DAT '/, 8TATUS= QLD /, READONLY)
OPENC(UNIT=R%, FILE~/AFILES. DAT‘, STATUS~/0QLD‘, READONLY)
ORPEN(UNIT=24, FILE='AFILEAL. DAT /) STATUS= QLD /, READONLY)
OPEN(UNIT=27, FILE='AFILE7. DAT/, 8TATUS=/0LD ’, READONLY)
DO L=1,7
L=l +20
DO Kei, 44
READ(LL, 402) (C(L, I, W), Imi, 24)
END DO
END DO
CLOSE(UNIT=21)
CLOSE (UNIT=a2)
CLOBE(UNIT=Q3)
CLOSE(UNIT=24)
CLOSE(UNIT=25)
CLLOSE(UNIT=26)
CLOSE(UNIT=R7)
[T S E R T T ST PR R e P T S e PR P S Y TR T g e gy
w#n  MAIN ROUTINE
B L L Ls L 2T T T T T TR RS e T TS R R S PP e
DO I=i.9
THETAwFLDAT(I-1)#. 174833
GMeGRAMS/COS(THETA)
DO Jwi, 12
IF ({1.EG. 1. AND. JV.EG. 1). DR, (I, GT. 1)) THEN
PHI=FLOAT(J=1) % 823399
CUT=CUTFACT(CUTOFF, THETA, PHI)
IF (1.3T. 1) THEN
AREA=. S20988#(COB(THETA~. 087247 )~-CO5(THETA+. 087da7))

ELSE

AREA=~. 023909
ENDIF
LO Kml, b6

REBSIDUAL=RANGE(1000. #CUTOFF, K)~-GM
DO Ledd, {, -4
IF(RANGE(E (L), K). @T. RESIDUAL) THEN
PR, L) =P (K, L)+FLUX (GM, K, L) *AREA
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ENDIF
END DO
END DO
ENDIF
END DO
END DO
DO L=i, 44
WRITE (60, 402) (P(K, L), K=1, 26)
END DO
FORMAT (3(7 ({PE1Q. 2) /7))
END

SUBRQUTINE ALTRRM(X. Q)

P Y TN L Ny Ry L 2 T L T T P e e
### THIS BUBROUTINE CALCULATES THE GRAMMAGE CORREBPONDING TOQ
#x% A GIVEN VERTICAL ALTITUDE IN KILOFEET

L R e N Y T e L e LT E T T L E T T ey
Z0M=. 04534=1. 1 7E~-F#AB3(X~108. ) ##3, 58

G=1Q33, #EXP(~Z0M#X)

RETURN

END

FUNCTION RANGE(ENERGQY, I12)
LT e PR e L L I T R T S IR T R YL LRI LN T Y TN
### THIS FUNCTIOM CALCULATES THE RANGE OF CHARGED PARTICLES
##% IN AIR (79% N/Q1% 0) USING THE BETHE~FLOCH FORMULA. THE
##%  CHARGE/MAZSS RATIO IS TAKEN A8 d. ALL ENERGIES IN MEV/MUC.
o b B A 1 A b o 0 e b b e e b b ¥ ke 08 b 3 S b 3 36 e SO b 030 W b b B b AR S e A
DIMENSION X(10),AC10). AMABS(24)
DATA X/~ 973904533, ~. 86506337, -, 67940957, - 43339339,
~, 14887434, . 14887434, . 43339%39, . 47940957,
. 86506337, . 973504653/
DATA A/. 06667134, . 149451035, , 219084634, . 24924672,

Q7VV242L, . 25TAMRE, L 26926472, . 219004636,
. 149495135, . 064647134/
DATA AMASS/1. G179, 4. 0024, 6. 94, 9. 01218, 10. 81, 12, 011,
14, 00467,18, 9974, {8 9984, 0. 17, 22. 98977, 24. 305, 26. 78154,
28. 0855, 30. 974, J2. 04, 35, 453, 37. 748, 39. 0983, 40. 08, 44, 3559,
47, 20, 50. 9415, 51. 995, 54, 938, 535. 847/
LR T e Y R T Y T e T T R ey
##r  CALCULATE RANGE
L T A Y oy L L e T e Ty L Xy s Sy ey e 2 Iy E T YY)
EO=10.
RO=, 145
PARITYm]
IF(EMERGY. LT. EQ) THEN

Y=EQ

EOQmENERGY

EMERG(mY

PARI TYm-1
ENDIF
BLOPE=. 3% (ENERGY-EQ)
YINTERCEPT=. S*(ENERGY+EOQ)
RANGE=RO
IF (ENERGY.NE,EQ) THEN

DQ J=t, {0

E=SLOPE#X{J)+YINTERCERPT
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RANGE=RANOE+A(J) #PARITY/STPOW(E) #SLOPE
END DO
ENDIF
RANGEwAMASS(I11) #RANGE/FLOAT(IZ) ¢a2
RETURN
END

FUNCTION STRPOW(E)

b 00D B 0 o N AR 3 AR B I I 3 B 3 0 20 e 0 A 0 D 3 A G P 00 SR 0 I 3
###  THIS FUMNCTION CALCULATER] THE STOPPING POWER OF PROTONS INM

#+##  AalR V3. EMERGY IN MEV

A0 A A0 3 3 A 1A A AR B U S b S A I I 1 b O I 6 O O b e O b 06 b o i
GAMMA= 1, +E/931, 5

Bm{, =1, /GAMMARAI

Xiw, 19346+ (ALOG(12460, #B/ (1. ~B))~D) /B

X2w, {9354#(ALOC{ 10374, #B/ (1. ~0))~B)/B

STPOW=, 767084)1+, 232924XQ

RETURN

END

FUNCTION CUTFACT(CUTOFF. THETA, PHI)

P L TR LN 2 I A TN FE R E A TR Y P T
W4 THIS FUNCTION CALCULATES THE GEOMAQNETIC CUTOFF AT ZENITH
#44  ANGLE, THETA, AND AZIMUTHAL ANGLE, PHI. A DIPQOLE FIELD
##4 IS ASSUMED, CALCULATION AT 20 KM

T Y F Ty T e F e P R s T ey e
FACT=89, &4/ (1, +20. /6371, ) #*2

COBL=(4, *CUTOFF/FACT ) ##, Q9

COSGnCOS(PHI ) #BIN(THETA)

Am({, +8GRT (1. ~COSG#COSL##3) ) #%2"

CUTFACT=4, #CUTOFF/A

RETURN

END

FUNCTION FLUX(GM: 12, IE)
PI XTI STEIRRE LSR LB LS LTI ALY S RS RS LI A ALY LYY
ww#  THIS FUNCTION INTERPOLATES THE FUNCTION C(7,2&, 44)
#u#x  TO QIVE ITS VALUE AT GRAMMAGE, GM.
T T YT TR T TR PR AR TSR TR TR T RN P R L Y YT T
DIMENSION D(7)
COMMON/ALK/E(44),C(7, 24, 44)
DATA E/L., L. 2 1.9 @.:,2.93.,4.,9 ,4.,7.,8.,10.,12.,19,
R0, , Y., 30.,40.,50.,40.,70..80.,100..,120.,130.,300.,2%0.,
300, , 400, ; 500. , 400, , 700. , 800, , 1000., 1200. , 1300. : 2000.,
2%00. , 3000. , 4Q00., 9000. , 5000. ., 7000., BOOO. /
DATA D/0.,9..,1% ,20.,90.,79.,100 /
DO Jmi, &
IF (GM. GE. D(J1) JX=J
END DO
IF (C(JX, 12, IE). LE. 0. . OR. C(JX+1, IZ,IE). LE. Q. ) THEN
FLUX=O
ELSE
XXwC{JX, T2 I8 /7CLJX+L, 12, IED
XwALOG(XX) /(D{JX+1)-D{JX) )
IF (X#(OM=D(JX)).LT. 19 ) THEN

FLUXRC (JX, 12, IE)®EXP (=X*(QGM=D(JX)))
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PROGRAM LETINTT
A A I A Al R ek b b th AR b 1t e o R U Mok R BN B AR RN
#ue  THIS PROGRAM CALCULATES THE INTEGRAL LET SPECTRUM SUMMED
###  OVER ALL ELEMENTS FROM A FLUX (OUTFILE. DAT) FILE.
% IMPUT FILE NAMED FOROQLOQ. FOR
##%  QUTRPUT FILE NAMED FOROZO. FOR (USE PLOTT TO PLOT!
CYYY Y ErrT R SRR P TS LAY TR L P ALY LYY AR I E L SR R YY)
DIMENSION Clér44), 22(28). 12(28), 54, 44), XE(300), DXE(500)
DIMENEION E(3d), H{4, 44), GLR4A, 44), A(R27, 4, 800)
DATA E4,Ea/1..,8000./
DATA 12Z/1., %3, 3ub. ,7#8, ,8#18. , 7426. /
DATA 11/), 2«2, 383, 7#4, Bu5, 744/
DO Jeti. 4
[ e O T R R AT E g A e P S A S SR % P g ey
#ed  INITIALIZE SPLINE PARAMETER MATRICES
g A e e 1 1 e e b 0 A D D A T A 0 b 0 A b 00 B S 0 O I
DO Kalr44
BlJiRImQ,
H{J, K)mQ,
END DO
Py T e g e R g Ty T Y T Y T T Y TV gy s
###  INITIALIZE QUTPUT LET MATRIX
#a% K = CHARGE (FOR K=Q7, SUM OVER ALL CHARGES)
w#% J = SPECTRUM TYPE (1=INTEGRAL. LET?
#ad L = DATA POINT
Ly T Ny o T E T Y Py ey ey
DR Kwi, 27
DO L=1, 300
AlKy J) L) =0,
END DO
END DO
END DO
e R T P R Y T T e T T
*#%  READ SILICON STOPPIMG POWER
o ot b o b 4D o b b b B A B0 e T e e 9 b 1 0 9 4V 0 S S A A N b N
OPEN(UNIT=8, FILE='8TPOW, DAT ') READONLY, 8TATUS='OLD /)
DO Jual, 44
READ(E, 1) E()) (CUT YY), ImL, &)
FORMAT{FB. 3, 6(3X, LPE?, 3))
END DQ
ET YT DT YT TR T AT TR L LY LY LY LY L TR YT Y YRR PR Y L ST
#%%  READ IN FLUX DATA FROM FORQZ0. DAT
P EE TR DAL DAL AL ST LRSI ES LY R LY LY R R ETY Y
DO Twi, 44
READ (R0, &) (G(J, 1), Jwl, 24)
FORMAT{A(7 (LIPELQ. 2/ ))
END DQ
(22 RS R ER RIS LTI EYS LIRSS LR S AR SIS ST R RIEY Y
#waé  DETERMINE ENERGY AND LET OIM WIDTH PARAMETERS
&b 3 Ab S 4D 0 db o e Sh e 4 e A b e b T I oAb b St e IR b 2 b 4E 1 ab b e S b bl b e LB S
Flw{EQ/EL) %, 00R
Fam(1, =1, /F1)E!
F3w 5« {i +1. /F1)xE]
Gl=10. 4% 0Of
Gom1. -1./GY
Do I=1. 300
XE(T)sFI#F L]
DXE([)nF@uFinw]
END DO
bk 3 e A i e S At e 0 2 U Rk T b 200 0 2 B b b e A B e e A
#4#  PERFORM CALCULATIONS ON EACH ELEMENT FIRET
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2 RSy e R I R TR P T AT A T PR Y SR Y S R R A
DO J=i, 24

RIS BT S T IR TR I YL TR LIRS ST LA TR TR LAY PE LY Y
##% ESTABLIGH FLUX PQINTS TO BE GPLINE INTERPOLATED

LRI R R R L s T e AT e R A R T LT Y R RSO T S P A S L e

DO I={, 44
H(L DYu@d T)
END DO

CALL CUBSPRL(E, H: 44)
WA b ot S A Sk k0 e b e Bk B B S 0 Ak U e R 6 3 b e A b b e b
#ee  ESTABLISH B8TOPPING POWER POINTS TO DE SPLINE INTERPOLATED
LA LSRR E RS IS SRR T ARSI LIRS R R R RS R PSR R S
21 =FLOAT (U)
1a=22(J)
122n12(J)
DO I[=i, 44
Admis/ (1, + 0010729237 #E(1) ) wal
Ba8ART (1. ~AA)
ZIEmZiw (1, ~EXP(=130. #B/Z1%%. &b47))
ZAE=Z2% (L, =EXP (=120, #B/22xn, L447) )
(4, D) (2IE/ZQE) #%24C (122, 1)
END DO
CALL CUBBRL(E, 8 44)
W33 b S B B 4 3t e e b B S B b B b oAb S I S0 B A I b e I b b B B 3 B et
##4  FOR EACH BIN USE FLUX AND STOPPING POWER INTERPOLATIONS
#%s  (PARAMETERS CONTAINED IN H AND 8, RESPECTIVELY) TO GET
#it#  INTEQRAL AND DIFFERENTIAL LET AND ENERGY SPECTRA.
Ao oAb b oAb S e FE 3 33 T 0 b 3 2k ok H e 3 4 O Tk O b b b5 o 00 0 0 b b N O 0 A B e
IDEX=}
MDEXw1
DO (1=, 200
[w30i-11
XwXE(])
DX=DXE( L)
DO KK=IDEX, 44
KudB=-KK
IF(E(K). LE. X) QQ TO 40
END DO
Ful (H(4, K)#X+H(3, K) ) #X+H(Q, K) Y #X+H({ L) K)
IDEX=KK
DO KKmMDEX, 44
Husd B ~UK
IF(E(K). LE. X) GO TO &0
END DO
SPu((S(4, K)#X+8(3, K)I#X+S(2, K))#X+B(L, K}
MDEX=KK
A(J,4, I)wAld, 4, 1)+F
DO K=y,
AlY, 3 KI=ALU, 3) K)+F#DX
END DO
L+ INTOLO0. #ALBGLO(SP))
DL=GQ#Q L sl
Q=F#+DX /DL
GPwF+DX
Al 2y LI=aldid, L) +Q
AR 2 Li=AR7, 20 L) +Q
DO W=l L
Al Ly KI=sA(Y, 1, K)+QP
Al27: L, KI=A(RZ, 1, K)+GP
END DO
END DO
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LI I TN SRS RIS SRS SLE LR Y I i S R T e S YL XYY YT ]
##4%  ADD HMIGHEST ENERGY COBMIC RAYS TO LET SPECTRA
AP Ak gb b btk ot b 8 e b b A0 b b T b e e e 2P0 b b B 3 N b PP b a4
GP=(21/2R2)«wQ&C (122, 44)
Lai+INT(100 #ALOGIO(BR))
DL=3a#Qlwsl
! Qe (J: 44) #E/ 1, 9/DL
: GPeQ(J 44)4EQ/L. 8
Al & L)YwALY, &y L)*Q
A7 2 L)=AR7, 2, L)+G
DO Kal, L
AC 1 RI=alds LRI +@R
AC27, 1, KY=Aa(27, L, K)Y+4P
END DOQ
DO W=i, 8500
Al D RImACY ) K) +QP
END DRQ
END DO
T R Y T Y Ry Y Y Y Ty Y YTy Y YT AT e T eY
##% DETERMINE LET VALUEE AND INTEGRAL LET SPECTRUM VALUEE
#4%  AND QUTPUT TO FQRO3Q. DAT.
Al e 30 T 0b O b T o 3 3 0 2 O B M S 0 40 00 b 1h b B A Ok Ak B 3 b B A 3 O b kA e it TE N T
QLETw=10. #%, O}
DO I=1, 500
GPLET=wQLET#*#1
BPLET=A(Q7. 1, 1)
WRITE(30, &44) SPLET, QPLET
END DO
bbb FORMAT(QX, E12. 9 XL EL2. &)
EMD

[y N ¥ ¥el

O00O0
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PROGRAM UPSET

LT T T g e Ty T Y Y AL T TP
#we  THIS PROGRAM CONVERTS A FLUX WS, LET SPECTRUM [NTO AN

##%  UPSET/KILUBIT/DAY V8. CRITICAL CHARGE PLOT

###  REQUIRED INPUT

e X, ¥y 2 =3 DIMENSIONS OF SENSITIVE VOLUME

#u% REQUIRED FILES

*n FORO3D. DAT = LET SPECTRUM FROM LETINTT

*un FOROLO. DAT & QUTPUT UPSET PROBABILITIES

22T RS TIRTS S RS RS SRR R S XL AR RS L LS LR SRRl Ly
DIMEMSICN FLUX({BGQ), RC(S500), ER(ZF0Q), DL{500), DD (500}

REAL L(80Q), LifIN

DSi=2. 321

PRS2SR R RS R S LY L RIS AR SR RIS R R SR 2 by
#xa  ACCEPT DIMENSIONS OF SENSITIVE VOLUME (MICRONS)
Ly Ty e T R I P AR A S LS A e
ACCEPT #.X, Y. 2

L Yy R T Ry S T S e RN R IR P A Y AR TR LYY Y A
### COMPUTE MEAN PROVECTED SURFACE AREA, CONVERT TO PROPER

#a4  UNITS

P I LR LI RIS ST SIS RIS LTI SRR Y LYY R Y
Bm(Q, #X#Y+D, #YHZ+Q, #2aX) %), E~L2 U Mes2

X=X# 0001DGI ! ORAMB/CM##3

Yuyx, 0001eDSI ! GRAMS/CM»#3

I=Z%, DO01#DSI ! GRAMS/CM»##2

PMAXBSQRT (X #X 4+ #Y+2#2) ! MAX., PATHLENGTH (GM/CM##2)

EX YIS A B LYY LR LS R LRSS RS2 RS AR R 2Ly ) XYL )
##%x READ LET SPECTRUM
EX 2T 22 L NS ELINR I TL LSS LY BT LY LERE LA E RIS Yy
DO J=i, 500

READ (30, 400) FLUX({JH) ., LW

IF (FLUX(J).LT. 0.) FLUXt(J)=O,

FORMAT(2(aX, K12, %))
ENLU DO
S04 b 26k o ek 8 b B 3 Fe e 1 20 9 0 b 3 Sk 0 b Ak 2t b 36 b Sk 3 0 o AL R 9 Nl 96 3 6 259 4 K
##% COMPUTE DIFFERENTIALS
T30k T I e e b P e 2k b b b B g bk 0 A 4 M 36 e e B 1 A S b I8 S A N e e
Gim10. #% Of
Gaal. ~1{. /61
DO J=1, 500

DLIJI GGl wwJ/L{J)##2
END DO
TR LTI AR YT RS BN ER SRS S ESR SRS LSRR S R R LY
#%4%  COMPUTE PATHLENGTH YERMS
EEI L ST ISR NSRS E R EY S L L L ISR LTI B A2 IR SRR ST S T T

DO J=i, 500
RAT=10. ##( OL«FLOAT(1-J)) ' RATIO OF TWO STORPPING RPOWERS
DD(J)=DIFPLD(PMAX*RAT, X, Y, 1)

END DO

o L R R T A T L A
##% . COMPUTE URSETS
Ll S L L T e ey T Ry Y
DO J=1, 500

QCRIT=PMAX®L4J)/22. S

PC«J)=QCRIT

FACT=Rd, S#yCRIT

SUM=Q

90 IwJ 3500

SUMaSUM+DL (1) #FLUXCT ) #DD(i-U+1)
END DO
ER(.J) =3UM#FACT#S# 25#85400. #1024
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END DO
[ EX ISR T LSRRI L LY AL ST L YRS R L Y Y Y Ry Y
¢ e DUTPYT UREET RATES
C PP L RITE RIS LY RS YIRS YT PR LESTEE L S E X R R R
DD J=1, 500
: WRITE (40, 400) ER(J}+PCLU)
3 END DO b
3 END )
}
¥ FUMCTION DIFPLD(S, L, Wi H)
§; REAL L
APm3, * (HMW+HAL+LRW) 1
o DIFPLD®(G(S: L, W H)+G(8: Wi Ly HI+G (S LiH WI+@ (S, Wy H) L)+ j
i\ OGS H WIL)HGUS, H L, W) /L3, 1414#AR)
3 END
it FUNCTION G(8, X, ¥, 2) ]
A REAL K3Q -
3 KSQmX ¥ X+VHY
A TEA=X#X+28Z
3 T=SQRT (TBQ) \
] REGRKSG+2#Z
g ReSART (R3G)
] Um1Q #)%Yul#Z
} P8auS#S-247
1 QSQnS#S-XuxX=I4]
. IF((8. GE. 0. V). AND. (5. LT. Z)) 60 TO 1¢
IF({S. GE. 7) . AND, (S.LT.T)) &0 TO 20
IF((S. GE. V) . AND, (8, LE.R)) @0 TO 30
4 o0, 0
ﬁ RETURN
. 10 Gu3, #Y#YRZ/KSQ-S6 (3. #X %Y/ (R#T) I
RETURN
20 GuS4 (3. #Y/SART (KSW) ) #wD-S5 (3, #X#Y/ (THR) ) ##2
; #+ ~X#(SQRT(PBQ)/S)#(Q. +4 #2#1/(S#5))
7 # +(VRATAN(Y/X) = (YHIHZ/SERT(KSA) ) #5#2) / (3#5#G)
: RETURN
30 @u-S# (3, *#X#Z/(R*SART(KEQ) ) ) w2
* A (XeXe2RTH(ZHZ/RE0-3. V+VRATAN(Y/X) )/ (SHB*E)
* +Y#Z#Z% (SQRT(QSQ) /S)* (8. /TBO+4. / (S#8))
* ~(V/(S#585)) #ACDS (X/SART(PSA) )
END
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' s ZCOM COM 15 A COMMAND FILZ GENERATING PROGRAM DESTGNED
3 ! FOR USE ON THE VAX MINICOMPUTER. THIS PROORAM WAS WRITTEN
s IN JANUARY, 1983 BY JOMN R. LETAW, SEVERN COMMUNICATIONS
' CORP ., SEVERNA #ARK, MD
!
"N OREETINO l
1 & WRITE SYSSQUTRPUT "THIZG COMMAND FILE CREATES A COMMAND FILE WHICH", -
" WILL EXECUTE FRUPAGATION INY |
$ WRITE SYS$OUTPUT "Ali PROGRAMS, ALL INPUT PARAMETERS", - -
" ARE DETERMINED BY YOUR ANSWENS"
$ WRITE SYS$OUTPUT "70 THE FROMPYTS. PRESERVE THIS SESSION FOR ", -

"FUTURE REFERENCE"

WRITE SYStQUTRFUT » v

! COMMAND FILE MarE

INGUIRE COMFILE "ENTER COMMAND FILE NAME" 1

OFEN/WRITE QUTF ‘COMFILE’

WRITE SYS$QUTRWT " *

! COMMAND FILE DEFAULTS

WRITE QUTF "4 SET DEFAULT C[LETAW. TEMPI1" :

WRITE QUTE "4 ASSIGN l1hL: SYS#PRINT" h

' INPUT FLUY

WRITE SYS3OUTPUT "CALCULATE INPUT FLUX"

INQUIRE YEAR "ENTER YEAR (1973, {44aMIN, 1980, 398=MAX)"

INQUIRE WEATHER "ENTER WEATHER (1=0GALACTIC COSMIC RAYS)"

ORBITER=O

WRITE QUTF "¢ DELETE FLUXES. DAT, %" {

WRITE QUTF "% FOR FLUX"

WRITE QUTF "# LIN FLUX"

WRITE QUTF "4 RUN FLUX"

WRITE QUTF YEAR, " ", WEATHER, " ", ORDITER

WRITE QUTF "% DELETE FLUX. DBJ) % FLUX. EXEs % FLUX. LIS #: FLUX. MAR; #" i

WRITE SYS4CUTRUT "QUTFILEQ. DAT CUNTAINS THE INPUT FLUX " B

PCOUNT=Q ! INITIALIZE NUMBER OF PROPAGATIONS . q
|

SUMGRAMB=0 ! IMITIALIZE TOTAL GRAMMAGE
QCOUNT=0 ¢ INITIALIZE NUMBER OF POST-PROCESSED FILES

! ASSIGN PROPAGATION MEDIUM TO AIR
WRITE CUUTF "% DELETE PROP. %) %, RANGIN. DAT, #"
WRITE QUTF "% DELETE RFQWIM. DAT) #, G. DAT) #*
WRITE QUTF "$ COPY APROP. FDR; ! PROP. FOR; 1" |
WRITE QUTF "s COPY ARANGIN, DAT){ RANGIN. DAT; {"
WRITE QUTF "$ COPY ARQWIN. DAT, § POWIN. DAT) 1"
WRITE QUTF "% CORY AG. DAT: 1 Q. DAT, 1"

WRITE QUTE "3 FOR PRGP"

WRITE QUTF "3 LIN PROP"

WRITE QUTF "% FOR GRAM"

WRITE QUTF "3 FOR CUBSPL"

WRITE QUTF "3 LIMN QRAM, CUBSPL"

WRITE QUTF "% FOR REFQRM"

WRITE QUTF "% LIN REFOQRM"

PM:

PCOUNT=PCQUMT+{

! DETERMINE GRAIMMAGE

WRITE SysspouTRUT ¢

INGUIRE GRAMS “ENTER MUMBER OF GRAMS OF AIR (x13"
SUMGBRAMSeaSUMGRAMS+GIRAMS

! PROP EXECUTICH

WRITE QUTF "3 RUN PRG"

WRITE OUTF GRAMS

WRITE QUTF "% DELETE PROR. LIS %, PROP. MAP #"

! GRAM EXECUTIUN

WRITE QUTF "¢ DELETE FORC20. DAT, »"

@RS E SR AN TR RSN RS PSSR ER SRR RSN VAR SR RN ESS RS
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WRITE QUTF "3 RUN QGRAM"

WRITE OUTF "% DELETE JRAM L1S: #, GRAM. MAP) #"

! ESTABLISH QUTRUT FILE

CUTFILE = "QUTFILE"+F4STRING(PCOUNT)+" DAT"

WRITE OUTF "¢ COPY FOROZO0. DAT ", QUTFILE

WRITE SYS$DUTPUT "

WRITE SYS$QUTPUT QUTFILE, " CONTAINS THE FLUX AFTER ", SUMGRAMS, -
' QRAMS, ¢ !

! BRANCH FOR FURTHER PROPAGCATIONS 1)

INQUIRE MORE "DO YOU WANT TOD CONTINUE FROPAGATIONT (Y/N)" !

IF MORE. EQS. "N" THEN ¢0TO RPOET

WRITE QUTF "% DELETE FLJXEGS. LAT: #"

WRITE OUTF "3$ RUN REFORM"

WRITE OUTF "% CELETE REFORM. MAP; %, REFORM. LIS, #"

GQTO PM

! POST-PROCESBING

POST: .

WRITE SYSsQUTPUT b !

INQUIRE MORE "DO YOU WANT TO DO ANY POST-PROCESSING? (Y/M)"

IF MORE. EGS. "N" THEN GOTO END

! POGT-PROCESSING OPTION SELECTION

WRITE SYB$OUTPUT ¥ ¢

WRITE S8YS3OUTPUT -

"AT THIS POINT THERE ARE SEVERAL POST-PROCESSING QPTIONS! i

WRITE SYSSOUTPUT " 1) OMNIDIRECTIONAL ATMOSPHERIC INTEORATIONY !

WRITE SYSsGUTPUT " &) INTEOGRAL LET SPECTRUM (TOTAL)" §

WRITE SYSSOUTPUT " 3) INTESGRAL LET SPECTRUM (BY ELEMENT GROUP)"

WRITE SYSsOUTPUT " 4) SOFT UPSET RATEY

WRITE SYS«QUTPUT " 5) EXIT

INGUIRE PRUCESS "SELECT ONE OPTION"

! OPTION DISTRIBUTION (! AND 4)

IF PROCESS. £0G3. 1 THEM 60QT0Q POST!

IF PROCESS. EQS. 4 THEM GOTD POST4

WRITE OUTF "4 DELETE STPOW. DAT, #"

WRITE OUTF "% COPY SILPOMW, DAT) 1 STPOW. DAT: L¥

GOTO PRODIST

! OPTION DISTRIBUTION <& 3, AND 9)

PRODIGT: :

IF PROCESS. EGS. & THEN GOTO POSTR !

IF FROCESS. £06. 3 THEN GQTD POST3

IF PROCESS. EQS. 5 THEN GOTO END

GOTO POST

POSTY:

! ATMOSPHERIC IMNTEGRATION UP TO 100 GMS (53,000 FT.)

WRITE SYB$SOUTRUT »

WRITE SYS$OUTPUT "3EVEN FILES CONTAINING THE FLUKXES AT O/ 5. ", -
“ 1% 30, 50, 75, AND t0O "

e

LA R N B N N N N N K R X R R RCE N R LR N K R B_N N BN _EYE N NN ]

WRITE OQUTF "% FOR ATHMOS"
WRITE OUTF "¢ LIN ATMOS"
CDEEP=Q

% WRITE SYS$QUTPUT "ORAMS/CM##2 RESPRECTIVELY ARE REQUIRED. "
% COUNTER=y
$ COUNTZ:
% COUNTER=COU:ITER+L
$ IF COUNTER. L. 8 THEH G0OTD XCOUNTR
% INQUIRE 8 "ENTER FILE"
: % SSa"AFILE"+F3STRING (COUNTER)+". DAT"
) % WRITE QUTF "3 DELETE ", &8, "; "
h- % WRITE QUTF "¢ COPY ".3," ", 358
% GUTO COUNTRQ
$ XCOUNTZ:
4
$
]
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APPENDIX 10 (Cont'd)

DEPTHR:

INQUIRE ALTITUDE "ENTER ALTITUDE IN ATMOSPHERE IN KILQFEET"

INQUIRE CUTDEE "ENTER CUTOFF TIMES {0 IM gv*

CDEEPwCDEER+1

ESa'ATM"+F45TRING (ALTITUDE)+" "+EF48TRING(CUTOFF)

WRITE QYS$OUTPUT 63, " CONTAINS THE FLUX AT ", ALTITUDE, " KILOFEET ", -
"WITH A " CUTOFF, "/10 GV CUTQRF "

WRITE QUTF "3 RUN ATMOS"

WRITE OUTF ALTITUDE," ", CUTOFF

WRITE OUTF "$ COPY FORO&O. DaT ", 88

INQUIRE MORE "ANOTHER ALTITUDE AND CUTDEF? (Y/N)©

[F MORE.EQ5. "Y" THEM GOTO DEPTHR

WRITE DUTF "% DELETE AFILE+ #; %, FOROLO. DAT, #"

WRITE OUTF "3 DELETE ATMOS. EXE) # ATMQS. QB J, #, ATMOS. MAP) #, ATMOS. LI &~

60TA RPOST

POSTZ:

! TOTAL INTEGRAL LET BPECTRUM

WRITE QUTF "& COPY LETINTT.FOR:s 1 LET.FORI LY

00TO CONT

PODTA:

! INTEGKAL LET SPECTRUM BY ELEMENT QROUP

WRITE OUVF "% COPY LETINTQ.FOR1 1 LET.FOR) "

GOTO CONT

POBT4:

I SOFT URBET RATE

WRITE SYSsQUTPUT " »

WRITE SYS#0QUTRUT "COWVERT AN INTEGRAL LET FILE INTO S0OFT UPSET RATE"

WRITE BYS#QUTRUT * v

WRITE OUTF "% FOR URSET"

WRITE QUTF "# LIN UPBET"

COUNTER=D

COUNT:

COUNTER=COUNTER+1

SSalEFILE"WFBETRING(COUNTER) +", DAT™

INGUIRE 8 "INTEGRAL LET FILEY

WRITE BYSsQUTRUT " ¢

WRITE QUTF "$ DELETE FORO30. DAT, "

WRITE OUTF "% GOPY ", 3, " FOROZ20. DAT, 1"

WRITE OQUTF "¢ DELETE FOROA4Q, DAT) #"

WRITE SYSSQUTPUT "INPUT DIMENSIONB OF SENSITIVE REGION (MICRONG)"

INGUIRE DIM1 "LENGTH"

INGUIRE DIMR "WIDTH ®

INGUIRE DIM3 “"DEPTH “

WRITE 8YsSsourpyr » o

WRITE QUTF "% RUN UPSET"

WRITE SYS$OUIRUT "UPSET RATE FOR ", S," IS IN ", S5

WRITE OQUTF DIMt, ™ ", DIMRQ, ™ ", DIM3

WRITE SYS4QUIPUT "

WRITE QUTF "% COPY FOR040. DAT ", 88

WRITE OUTF "s& DELETE IFOROA0 DAT: » FORO3O. DATI #"

WRITE OUTF “» DELETE UPSET LI13: #, URSET MAP, ¢"

INGUIRE MORE "MUORE UPBET CALCULATIONST (Y/N)"

WRITE SyssouTpyrt * "

IF MORE. EGS. """ THEN QDTO CCUNT

WRITE OUTF "3 DELETSE UPSET. EXE) %, UPSET. OJ) "

¢OTO POST

CONT:

WRITE OUTF "#$ FOR (ET"

WRITE OUTF "4 FOR CUDSPL"

WRITE OQUTF "s LIN LET, CUBSPL"

PFILES:
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APPENDIX 10 (Cont'd)

WRITE SYSsQUTPUT " ¢

INQUIRE FILEMAME "FILE TO BE PROCESSED!

QCOUNT=QCOUNT+1

WRITE OUTF "% DELETE FOROZD. DAT) #"

WRITE QUTF "% COPY ", FILENAME, " FORQ20. DAT "

WRITE QUTF "% RUN LET"

POBFILE = “"RPFILE"+FSSTRING(QCOUNT)+", DAT"

WRITE QUTF " COPY FUOROJ30. DAT: 1 ", POIFILE

WRITE OUTF "4 DELETE FORO3Q. DAT) #"

WRITE SYSSGUTPUT FILENAME, " WAS PROCESSED INTO ", POSFILE
INQUIRE MORE "ANY MORE FILES T0O BE PROCESSED THIB WAY? (Y/N)"
IF MORE., EQS. "Y' THEN ODTO RFILES

WRITE OQUTF "$ DELETE LET. #; % CUBSPL. 0BJi #, CURSFL. L1G) #"
60TD POST

END:

WRITE QUTF "¢ DELETE FOR#. #; %, STPOW. DAT: #!

CLOSBE OUTF .

EXIT




